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I.     Introduction 

1.  Purpose  of  Investigation. — The  demand  for  quiet  rooms  in 
hospitals,  hotels,  and  office  buildings,  the  desirability  of  insulating 
music  studios  and  other  rooms  where  disturbing  sounds  are  produced, 
ami  the  necessity  for  solving  other  problems  for  the  control  of  noise 
have  led  to  repeated  requests  from  architects  and  builders  for  reliable 
information  on  effective  methods  for  insulating  sound.  Although 
present  knowledge  of  the  subject  is  incomplete,  nevertheless,  on 
account  of  the  pressing  need  for  guidance  in  such  matters,  it  is 
thought  desirable  to  collect  and  present  the  available  information  in 
a  systematic  way,  giving  the  methods  and  results  of  various  investi- 
gations relating  to  the  action  of  materials  on  sound,  describing  prac- 
tical installations  of  soundproofiing,  and  setting  forth  in  accordance 
with  existing  knowledge  recommendations  that  may  be  applied  where 
sound  insulation  is  wanted. 

Before  1915  little  was  known  definitely  about  the  subject  and  cut- 
and-try  methods  were  used  when  soundproofing  was  desired.  These 
crises  were  usually  isolated  and  few  published  accounts  are  available, 
so  that  little  progress  was  made.  Since  1915  the  problem  has  engaged 
the  attention  of  scientists  who  have  conducted  investigations  in  the 
fight  of  the  known  phenomena  of  sound  and  obtained  results  thai 
are  now  being  applied  in  practical  constructions. 

2.  Acknowledgments. — In  addition  to  the  published  accounts  of 
investigations,  to  which  proper  reference  will  be  made,  acknowledg- 
ment is  due  to  the  Armstrong  Cork  Company,  the  United  States 
Gypsum  Company,  and  the  Associated  Metal  Lath  Manufacturers 
for  their  financial  support  and  cooperation  in  the  conduct  of  special 
investigations. 
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II.     Action  of  Sound  with  Applications  to  Buildings 

3.  Origin  of  Sound. — Sound  of  ;i  definite  frequency  consists  of 
a  regular  scries  of  alternate  compressions  and  rarefactions  generated 
by  a  vibrating  body  ami  progressing  in  spherical  waves  in  the  sur- 
rounding medium.  Figure  1  pictures  the  waves  in  air  sent  out  by 
the  human  voice  through  a  megaphone. 


Fig.   1.    Diagrammatic   Representation   of   Compressions   and   Rarefactions 
(Sound  Waves)  Sent  Out  from  a  Source  of  Sound 


The  vibrations  in  this  case  are  due  to  the  vocal  cords  which  arc 
set  into  rapid  oscillations  by  a  stream  of  air  from  the  lungs. 
An  unbalanced  motor  may  cause  its  supporting  base  to  shake,  thus 
imparting  to  the  surrounding  air  small  motions  that  arc  propagated 
as  sound  waves.  A  case  for  consideration  in  buildings  is  the  generation 
of  sound  waves  when  a  wall  or  floor  is  set  in  vibration  by  a  motor,  an 
elevator,  or  other  agency. 

4.     Amplitude  of  Sound  Vibrations.-    The  amplitude  of  vibration 

in    sound    waves    is    small,    according    to    estimates    varying    from 
0.00000005   in.    for  a   sound    hardy   audible  to  0.004  in.   for  a  loud 
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sound.*  A  very  small  motion  of  a  building  partition!  will  therefore 
be  sufficient  to  generate  in  air  a  sound  that  may  be  detected  by  the 
ear.  Thus  one  of  the  difficult  problems  in  sound  insulation  of  buildings 
is  to  reduce  the  motions  of  walls  as  far  as  possible. 

5.  Propagation  of  Sound, — Sound  waves  set  up  by  vibrating 
bodies  are  propagated  through  the  surrounding  medium— solid, 
liquid,  or  gaseous — with  a  considerable  velocity,  v,  depending  on  the 
elasticity,  E,  and  the  density,  d,  of  the  medium,  according  to  the 
formula:  v  =  yjE  d.  The  values  of  the  velocities  for  a  few  media 
are  given  in  Table  1. 1 

Table  1 
Velocity  of  Sound  ix  Vakious  Media 


Medium 

Velocity  of  Sound  at  0  Deg.  C. 

1088  ft.  per  sec. 

472S  ft.  per  sec. 

10900  ft.  per  sec 

Brick                                                                               

11980  ft.  per  sec. 

Steel                                                     

16360  ft.  per  sec. 

An  inspection  of  the  data  given  in  this  table  shows  that  sound 
travels  very  fast,  about  one-fifth  of  a  mile  per  second  in  air,  and 
about  three  miles  per  second  in  steel.  A  sound  traveling  in  the 
steel  structure  of  a  building  260  feet  high  would  require  only  260  -f- 
16360,  or  0.0159  second  to  pass  from  the  basement  to  the  roof. 

6.  Action  of  Matt  rials  on  Sound. — When  sound  waves  in  one 
medium  encounter  a  second  medium  with  a  different  elasticity  or 
density,  their  regular  progression  is  disturbed.  Part  of  the  energy  is 
thrown  back  in  the  form  of  reflected  waves,  part  is  absorbed  in  the 
second  medium,  and  part  is  transmitted — the  relative  amounts  de- 
pending on  the  changes  in  elasticity  and  density  of  the  second  medium 
compared  with  the  first,  that  is,  in  accordance  with  the  change  in  the 
velocity  of  sound.  ^     (See  Fig.  2.) 


*  Shaw,   P.   E.      "The  Amplitude  of   Minimum    Audible   Impulsive    Sounds."'      Proc.    Roy. 
Soc,    Vol.   76A,    p.   360,    1905. 

t  Hall,    E.   E.      "Graphical   Analysis   of    Building   Vibrations."      Elec.   Wld.,    Vol.    66,    p. 
1356,    1915. 

t    Smithsonian    Tables,    Tables    80    and    81. 

*  Rayleigh,    Lord.    "Theory   of    Sound."      Vol.    2.    Sections   "270-272.      Equations   arc   given 
with    discussions    for   different    media. 
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Eeflectiox,  Absorption,  and  Transmission  of  Sound 


A  porous  material  like  hairfelt  presents  little  resistance  to  sound. 
The  reflection  is  small,  but  the  absorption  in  the  porous  channels  may 
be  quite  large.  What  is  not  reflected  and  absorbed  is  transmitted.  If 
the  sound  waves  general  ed  in  a  room  meet  solid  plaster  walls  of 
sufficient  rigidity  they  will  suffer  a  reflection  of  over  99  per  cent 
because  of  the  large  change  in  the  elasticity  and  density  between  air 
and  solids.  If  a  ventilator  opening  is  encountered  instead  of  a  wall 
there  is  no  change  in  the  medium  and  the  waves  progress  with  little 
hindrance  through  the  continuous  air  passage,  being  confined  in  the 
ventilation  duct  by  reflection  from  the  metal  walls.  In  a  similar  way 
sound  vibrations  generated  in  the  solid  matter  of  a  building  structure 
are  confined  to  the  structure  by  almost  total  reflection  at  the  air 
boundaries  and  will  pass  with  little  interruption  through  the  con- 
tinuity  of  steel  and  concrete  to  distant  parts  of  the  building.  These 
vibrations  may  be  converted  into  sound  waves  in  air  where  a  wall  or 
other  structural  member  is  set  into  sympathetic  lateral  vibration. 

7.  Absorption  of  Sound. — "When  air  passages  in  which  sound  is 
passing  become  small  in  cross-section,  friction  that  converts  the  wave 
energy  into  heat  occurs  between  the  sides  of  the  passage  and  the 
oscillating  air  particles.  Sound  entering  a  small  crack  in  a  thick 
wall  may  be  completely  absorbed  before  emerging  on  the  other  side. 
The  channels  and  interstices  in  carpets,  hairfelt.  and  other  porous 
materials,  act    in   the  sa way   in  the  absorption   of  sound   energy.* 


*  Rayleigh,    Lord.    Behavior    of    Porous     Bodies    in     Relation    to    Sound.       "Theory    of 
Sound,"    Vol.   '-'.    Section    351. 
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The  absorption  and  transmission  of  sound  vary  with  the  thickness 
of  the  absorbing  materia]  but  not  in  direct  proportion.  For  example, 
if  1  in.  of  hairfelt  stops  10  per  cent  of  the  incident  sound,  2  in.  will 
stop  19  per  cent,  3  in.  27  per  cent,  etc. ;  that  is,  the  intensity  of 
transmitted  sound  decreases  according  to  the  recognized  exponential 
law:  i  =  i0a~x,  where  i0  and  i  are  the  respective  intensities  of  the 
sound  that  enters  and  is  transmitted  by  the  material,  a  is  a  constant, 
and  x  the  thickness  of  the  material. 

The  absorption  of  sound  is  an  essential  factor  in  the  solution  of 
sound  insulation.  It  is  not  sufficient  to  reflect  and  scatter  sound  waves, 
for  the  energy  cannot  be  destroyed  in  this  manner;  it  must  be 
absorbed,  that  is,  converted  by  friction  into  heat  energy. 

8.  Transmission  of  Sound. — Sound  waves  in  air  may  be  trans- 
mitted through  an  obstructing  medium  in  three  ways.  First,  they 
may  pass  through  the  air  spaces  of  a  porous  material.  Second,  they 
may  be  transmitted  by  modified  waves  in  the  new  medium.  •In  this 
process  sound  compressions  and  rarefactions  progress  rapidly  through 
the  air,  moving  the  molecules  successively  as  they  pass  in  somewhat 
the  same  way  as  a  gust  of  wind  blows  the  separate  stalks  in  a 
wheat  field.  On  reaching  a  solid  partition  the  forward  motion  is 
hindered,  particularly  if  the  molecules  of  the  new  material  are 
massive  and  resist  compression.  In  this  case  most  of  the  energy  is 
reflected  and  only  a  small  proportion  progresses  through  the  wall. 
On  meeting  a  further  discontinuity  of  material,  such  as  wood  or  air, 
the  waves  are  again  affected,  until  finally  a  part  of  the  energy  emerges. 
Third,  sound  may  be  transmitted  by  setting  a  partition  as  a  whole  in 
vibration.  The  partition  then  acts  as  an  independent  source  of  waves, 
setting  up  compressions  and  rarefactions  on  the  further  side  and 
giving  a  sort  of  fictitious  transmission.  If  the  partition  is  rigid 
and  massive  the  vibrations  are  small  and  very  little  sound  is  trans- 
mitted; if  the  partition  is  thin  and  flexible  a  considerable  amount 
of  energy  is  transferred.*  Usually  in  building  constructions  the 
partitions  are  complex,  as  for  example  plaster  on  wood  lath  and 
studding.  In  this  case  the  plaster  areas  between  the  studding  act 
in    a    manner   similar   to    drum    heads    and    transmit    sound.      Hard 


*  Rayleigh,   Lord.  "Theory  of   Sound."  Loe.   cit.      See   also: 

Jager,   G.     "Zur  Theorie   des  Nachhalls."  Sitzungber,    der   Kaisl.      Akad.    der  Wissen- 
schaften  in   Wien.     Math.  Natur.   Klasse,   Bd.  (XX,  Abt.  2a,    l'.ni 
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plaster  on    wire   lath    presents   a    differenl    surface   with   a  modified 
action  on  the  incident  sound. 

The  transmission  of  sound  involves  a  number  of  phenomena  and 
is  not  a  simple  matter.  It  depends  essentially  on  the  character  of 
the  structure  through  which  sound  is  transmitted  and  can  be  cal- 
culated only  for  simple  cases  of  homogeneous  materials  of  known 
constants. 
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III.     Insulation  of  Sound  in  Buildings 

9.  Two  Types  of  Sound  in  Buildings. — Two  types  of  sound 
should  be  considered  in  the  problem  of  insulation  in  buildings.  One 
type  includes  sounds  that  are  generated  in  the  air  and  that  progress 
through  the  air  to  the  boundaries  of  the  room  ;  the  other  is  composed 
of  compressions  generated  in  the  building  structure  by  motors,  ele- 
vators, and  street  traffic.  The  insulation  of  these  disturbances  is 
best  accomplished  by  considering  the  actions  of  sound  described  in 
the  preceding  discussion.  Several  suggestions  for  soundproofing  are 
given  in  the  paragraphs  immediately  following. 

10.  Insulation  of  Sounds  in  Air. — Sounds  of  moderate  intensity 
such  as  those  generated  by  the  human  voice  or  a  violin  may  be 
stopped  with  comparative  ease  if  the  walls  of  the  room  are  continuous 
and  fairly  rigid.  The  more  vigorous  sounds  of  a  cornet,  trombone, 
etc.  would  require  especially  heavy  walls  or  else  double  partitions. 
Any  breaks  in  the  walls  for  ventilators,  pipes,  or  doors  should  be 
guarded  by  effective  insulation. 

11.  Insulation  of  Building  Vibrations. — Compressional  waves 
generated  in  the  building  structure  pass  readily  along  the  continuity 
of  solid  materials,  and,  as  they  have  more  paths  for  escape,  are  more 
difficult  to  insulate  than  sounds  in  air.  Moreover,  they  may  create 
trouble  when  they  cause  a  wall  or  floor  to  vibrate.  The  insulation  is 
based  on  the  same  procedure  as  that  used  for  air  sounds;  namely, 
to  interpose  a  new  medium  differing  in  elasticity  and  density.  An 
air  space  in  masonry  would  be  effective  if  not  bridged  over  by  solid 
material,  but  since  this  is  impossible  for  ordinary  building  construc- 
tions as  the  weight  of  bodies  necessitates  contact  for  support,  an 
approximate  insulation  is  sought  by  using  air-filled  substances  like 
dry  sand,  ground  cork,  hairfelt,  or  flax,  that  possess  but  little  rigidity 
but  are  capable  of  sustaining  a  floor  or  a  partition  that  is  not  too  heavy. 

12.  Need  for  Experimental  Data. — The  preceding  discussion 
indicates  from  the  standpoint  of  theory  how  sound  waves  will  act 
under  given  conditions  and  how  they  may  be  controlled.  Calculations 
may  be  made  for  a  few  simple  cases  of  more  or  less  homogeneous 
materials,  but  for  the  complex  structures  usually  found  in  buildings 
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the  presenl  theory  is  inadequate  to  give  trustworthy  information.     In 

view  of  this  situation  the  procuring  of  data  by  direct  experimental 
tests  is  quite  desirable,  particularly  for  the  transmission  of  sound 
through  materials  both  homogeneous  and  complex.  Information  about 
the  absorption  of  sound  is  also  needed.  The  following  section  gives 
in  historical  order  descriptions  of  experimental  investigations  that 
have  been  completed  or  are  now  in  progress.* 


*  See  condensed  account  <>f  experiments  performed  previous  to  1909  in  the  article: 
"Schalleitung  der  verschiedenen  Korper,"  in  Winkelmann's  "Handbuch  der  Physik,"  Vol.  '2. 
pp.    554-562. 
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IV.     Experimental  [investigations  op  Action  of  Materials 

on  Sound 

l'l.     Conduction    of    Sound    by    Solids. — Tyndall    describes    an 
interesting  and  instructive  experiment  on  the  conduction  of  sound. 

Be  writes.*  "In  a  room  underneath  this,  and  separated  by  two  floors, 
i^  a  piano.  Through  the  two  Moors  passes  a  tin  tube  21...  in.  in  diameter, 
and  along  the  axis  of  this  tube  passes  a  rod  of  deal  (wood).. the  end 
of  which  emerges  from  the  Moor  in  front  of  the  lecture  table.  The 
rod  is  clasped  by  india-rubber  bands  which  entirely  close  the  tin 
tube.  The  lower  end  of  the  rod  rests  upon  the  sound  board  of  the 
piano,  its  upper  end  being  exposed  before  yon.  An  artist  is  a1  this 
moment  engaged  at  the  instrument  but  you  hear  no  sound.  Winn. 
however,  a  violin  is  placed  upon  the  end  of  the  rod.  the  instrument 
becomes  instantly  musical,  not.  however,  with  the  vibrations  of  its 
own  strings,  but  with  those  of  the  piano.     When  the  violin  is  removed. 

the  sound  ceases What  a  curious  transference  of  action  is 

here  presented  to  the  mind!  At  the  command  of  the  musician's  will, 
the  fingers  strike  the  keys;  the  hammers  strike  the  strings,  by  which 
the  rude  mechanical  shock  is  converted  into  tremors.  The  vibrations 
are  communicated  to  the  sound  board  of  the  piano.  Upon  that  board 
rests  the  end  of  the  deal  rod.  thinned  off  to  a  sharp  edge  to  make  it 
Mt  more  easily  between  the  wires.  Through  the  edge,  and  afterwards 
along  the  rod,  are  poured  with  unfailing  precision  the  entangled  pulsa- 
tions produced  by  the  shocks  of  those  ten  agile  fingers.  To  the 
sound  board  (of  the  violin  I  before  you  the  rod  faithfully  delivers 
up  the  vibrations  of  which  it  is  the  vehicle.  This  second  sound  board 
transfers  the  motion  to  the  air.  carving  it  and  chasing  it  into  forms 
so  transcendently  complicated  that  confusion  alone  could  be  anticipated 
from  the  shock  and  jostle  of  the  sonorous  waves.  But  the  marvelous 
human  ear  accepts  every  feature  of  the  motion,  and  all  the  strife  and 
struggle  and  confusion  melt  finally  into  music  on  the  brain." 

Hesehusf  investigated  the  sound  conductivity  of  various  solids. 
The  samples  were  shaped  so  as  to  be  geometrically  similar  and  placed 


-  Tyndall,   J.      "Sound  "   Pp.    78-79. 

t  Hesehus.  N.  "Ueber  das  Schalleitungsverniogen  der  Korper."  Jour.  Russian  Phys. 
Chem.  Sol'.,  Vol.  17,  pp.  326-30.  1893.  See  also  abstract  in  Fortsch  der  Pliysik.  Vol.  43. 
p.    542,    1893. 
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successively  with  the  lower  end  resting  on  a  resonating  support.  A 
vibrating  tuning  fork  was  then  placed  against  the  upper  end  and 
the  relative  conduction  of  sound  was  made  manifest  by  the  intensity 
of  the  resonance  tone  heard.  He  found  that  the  conductivity  for 
cylindrical  bodies  was  directly  proportional  to  the  cross-section  and 
inversely  proportional  to  the  length — the  same  relation  that  holds  for 
conduction  of  heat  and  electricity.  He  found  also  that  wood  conducts 
sound  much  better  parallel  to  the  grain  of  the  wood  than  at  right 
angles.  This  fact  suggests  a  construction  for  hindering  the  progress 
of  sound  waves,  namely,  a  scries  of  wooden  slabs  cut  alternately 
parallel  and  perpendicular  to  the  grain  of  the  wood.  If  the  slabs 
were  separated  by  layers  of  felt  and  not  nailed,  the  obstruction  would 
appear  quite  efficient. 

14.  Experiments  by  Tufts. — The  transmission  of  sound  by 
porous  materials  was  tested  in  1901  by  F.  L.  Tufts.*  For  the  initial 
experiment  the  porous  material  consisted  of  lead  shot  piled  in  a  tube. 
This  was  exposed  to  the  action  of  sound  through  a  metal  gauze  that 
supported  the  shot.  A  thin  rubber  membrane  closed  the  bottom  of 
the  tube  below  the  gauze  and  by  the  amplitude  of  its  vibration  gave  a 
measure  of  the  sound  waves  transmitted.  Cotton  batting,  felting, 
and  other  porous  materials  were  tested  in  the  same  manner.  Tufts 
concluded  that  the  resistance  of  a  porous  material  to  sound  was  in 
the  same  proportion  as  the  resistance  to  air  currents. 

In  a  later  experiment  he  measured  the  transmission  of  sound  by 
materials  impervious  to  air.t  Two  thin  discs  of  such  material  closed 
the  ends  of  a  bifurcated  tube.  Sound  pulses,  caused  by  a  metal 
ball  dropped  on  a  pine  board,  impinged  on  the  discs  so  that  the 
transmitted  waves  passed  on  through  the  tubes  to  a  junction  point, 
where  an  observer  could  compare  the  loudness  of  the  two  sounds  by 
alternately  closing  one  tube  and  then  the  other.  The  materials  were 
tested  in  pairs,  each  sample  being  in  the  form  of  a  disc,  10.5  cm.  in 
diameter.    Table  2  gives  the  results  obtained. 


*  Tufts,  P.  L.  "The  Transmission  of  Sound  Through  Porous  Materials."  Am.  Jour,  of 
Sc.,    Vol.    11,    ]).    357,    1901 

t  Tufts,  P.  L.  "Transmission  of  Sound  Through  Solid  Walls."  Am.  Jour,  of  Sc,  Vol. 
13,    pp.    449-454,    1902. 
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Table  2 
Transmission  of  Sound  by  Materials  Impervious  to  Air 


Material 

Thickness 
in  cm. 

Rigidity* 

Transmitted 
Sound 

Glass 

0.012 

0.012 

0.000106 
0.000053 

Louder 

2.     Pine  

0 .  65 
0.65 

0.000013 
0.000212 

Louder 

0.015 
0  44 

0 . 00008 
0.00008 

, 

Two  thicknesses  of  cardboard 

J  Equal  loudness 

0.70 
0.22 

0.0002 
0.0002 

j 

[  Equal  loudness 

- 

0.015 
0.015 

0.00008 
0.0022 

Brass  with  mass  at  center 

Much  louder 

6.     Cardboard : 

Cardboard  with  34  gm.  mass  at  center 

0.22 
0.22 

0.0004 
0.0004 

Louder 

cardboards  all 

cut  from 
same  sample 

3  cardboards  in  contact 

*The  numbers  in  the  rigidity  column 
1  gm.  per  sq.  cm.,  the  smaller  values  thus 


represent  the  displacement  of  the  discs  for  a  pressure  of 
indicating  the  greater  rigidities. 


A  study  of  this  table  leads  to  the  following  conclusions : 

1.  The  more  rigid  glass  is  the  better  insulator ; 

2.  The  more  rigid  pine  is  the  better  insulator ; 

3.  For  the  same  rigidity  the  cardboard,  30  times  thicker 
than  the  brass,  transmits  the  same  amount  of  sound ; 

4.  For  the  same  rigidity  10  sheets  of  cardboard  transmit 
the  same  sound  as  one  sheet; 

5.  The  more  massive  disc  with  smaller  rigidity  transmits 
more  sound; 

6.  For  equal  rigidity  the  more  massive  disc  is  the  better 
insulator ; 

7.  The  cardboards  in  contact  gave  a  greater  rigidity  and 
cut  off  more  sound.  The  air  spaces  are  thus  not  as  effective  as  was 
supposed. 

Inspection  of  these  results,  therefore,  shows  that  rigidity  is  the 
deciding  factor,  the  amount  of  sound  transmitted  as  an  elastic  wave 
being  negligible  compared  with  the  to-and-fro  vibration  of  the 
material.  For  instance  in  case  4,  where  the  two  discs  possess  the 
same  rigidity,  one  would  expect  the  transmission  to  be  greater  through 
the  single  thickness  of  cardboard  than  through  the  built  up  disc 
with  many  reflecting  surfaces;  but  the  transmitted  sound  is  the 
same  for  the  two  constructions. 
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A  few  additional  experiments  were  conducted  using  an  organ 
pipe  for  the  source  of  sound,  thus  giving  a  sustained  series  of  alternate 
compressions  and  rarefactions  instead  of  a  single  pulse.  It  was  found 
that  the  results  might  be  influenced  by  the  pitch  of  the  note  used. 
so  that,  if  a  disc  happened  to  be  set  into  resonant  vibration,  it  would 
transmit  sound  to  a  greater  extent  than  without  such  resonance. 

15.  Investigation  by  Weisbach. — A  tuning  fork  giving  236 
vibrations  per  second  was  used  as  the  source  of  sound  and   placed  on 

( side  of  a  wall.     A  telephone  connected   to  a  galvanometer  was 

placed  on  the  other  side  of  the  wall  and  served  as  a  receiver  for  the 
sounds  transmitted  through  materials  installed  over  a  small  hole  in  the 
wall.*  Weisbach  found  that  metal,  wood,  etc.  vibrated,  whereas  cloth 
and  porous  materials  did  not.  When  the  disc  was  free  from  resonant 
vibrations  the  transmitted  sound  was  proportional  to  the  mass  of 
the  disc  per  unit  area.  When  resonance  occurred,  the  energy  trans- 
mitted by  the  lateral  vibrations  was  so  greal  that  it  obscured  the 
other  effects,  the  results  depending  on  the  size,  structure,  and  method 
of  fastening  the  material.  He  concluded  that  sound  is  transmitted 
through  the  pores  of  materials,  also  by  longitudinal  vibrations  (elastic 
waves)  and  by  transverse  vibrations  of  the  materials. 

16.  Tests  by  Media nis  and  Harkuis.  In  this  investigation,  the 
source  of  sound  was  an  organ  pipe  of  768  vibrations  per  second. 
the  measuring  instrument  being  a  telephone  receiver  in  series  with 
a  crystal  rectifier  and  a  galvanometer. t  The  materials  tested  wen' 
clamped  over  an  aperture  V2  '"•  '"  diameter,  through  which  the 
sound  was  transmitted.  For  porous  materials  such  as  calico  and  fell 
the  investigators  concluded  that  the  amounl  of  sound  transmitted 
depended  on  the  size  and  nature  of  the  pores  of  the  material,  that 
is,  on  the  true  absorption.  The  non-porous  materials  like  paper, 
oilcloth,  and  tin-foil  transmitted  less  than  one  per  cent  of  the  incident 
sound  when  the  lateral  vibrations  were  eliminated.  All  the  materials 
tested  were  quite  thin  and  of  small  area. 

17.  Work  of  Wallaci  C.  Sabine. — An  investigation,ff  funda- 
mental   and    far-reaching    in    its   scope,    was    inaugurated    and    partly 

*  Weisbach,    P.      "Versuche    iiber    SchalldurchlSssigkeit,     Schallreflexion    und    Scballab- 
sorption."     Annalen   der  Physik,    Vol.  83,   p.   7ii:i.    L910. 

t   McUiimis.    C.    S.   and    Barking,    M.    I:.      "Transmission   of   Sound  Through    Porous   and 
Non-Porous  Materials."      Phys.    Rev.,    Vol.   :::;.    pp.    L28-136,    1911. 

tt  Sabine,  W.  C.     "The  Insulation  of  Sound."     Tne  Brickbuilder,  Vol.  24,  pp.  :;i  36,  1915. 
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carried  out  by  the  late  Professor  \V.  C.  Sabine  of  Harvard  University. 
A  sound  of  measured  intensity  was  generated  in  a  room  so  that 
transmission  took  place  through  a  partition  under  test.  The  sound 
was  then  reduced  in  intensity  until  an  observer  outside  the  partition 
could  barely  hear  it.  The  test  was  repeated  for  other  samples  and 
comparative  values  deduced.  The  test  rooms  were  especially  adapted 
to  confine  the  transmission  of  sound  to  the  test  material. 

Table  3  gives  results  obtained  in  the  preliminary  investigation. 
Sheet  iron  and  hairfelt  were  tested  separately  and  in  combination. 
The  sheet  iron  because  of  its  great  rigidity  and  mass  reflected  much 
sound  and  transmitted  but  little.  The  reduction  of  transmission  by 
the  hairfelt  was  due  largely  to  its  absorbing  power.  The  combination 
of  the  two  in  alternate  layers  gave  the  more  effective  insulation,  the 
hairfelt  serving  to  reduce  further  the  small  amount  of  sound  trans- 
mitted by  the  iron. 


Table  3 
Intensity  of  Sound  Transmitted  by  Sheet  Iron  and  Hairfelt 


Layers 

Hairfelt 

Sheet  Iron 

Sheet  Iron  and 
Hairfi'lt  Combined 

0 
1 

2 
3 
4 
5 
fi 

1  000  000 
270  000 
128  000 
(55  000 
33  000 
21  500 
11  400 

1  000  000 
22  700 
8  700 
4.880 
3  150 
2  060 
1  520 

1  000  000 

23  ()i  in 

3  300 

700 

220 

150 

88 

18.  Investigations  by  P.  E.  Sabine. — Later  experiments  on  sound 
transmission  through  windows  and  doors  have  been  conducted  by 
P.  E.  Sabine,*  using  methods  similar  to  those  of  W.  C.  Sabine.  He 
found  that  flexural  vibrations  play  an  important  part  in  transmis- 
sion. A  plate  of  glass  3/16  in.  thick  transmitted  less  sound  than  a 
3/16-in.  composite  structure  of  two  1/16-in.  plates  sealed  together 
with  a  sheet  of  celluloid.  Dead  air  spaces  between  double  windows 
were  not  as  effective  as  commonly  supposed.  The  air  space  should  not 
be  bridged  over  by  solid  materials  even  at  the  edges  of  the  glass. 
Inserting  sound  absorber  between  the  glass  plates  increased  the  in- 
sulation. A  steel  door  14  in.  thick  proved  more  effective  than  a  solid 
oak  door  1%  in.  thick  or  a  refrigerator  door  4  in.  thick  filled  with 
heat-insulation  material. 


Sabine,    Paul   E.      "Architectural   Acoustics."      Am.   Arch.,    Vol.    CXVIII,    pp.    102-108, 


1920. 
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Additional  experiments  were  conducted  to  test  the  transmission 
of  sound  through  flexible  materials.*  Results  were  obtained  to 
determine  to  whal  extent  the  damping  of  sound  by  such  materials 
as  hairfelt,  sea-weed,  and  asbestos  is  an  effective  compensation  for 
lack  of  mass  and  stiffness.  Numerous  curves  are  given  showing 
the  transmission  of  sound  for  a  range  of  pitches.  Further  investiga- 
tion was  planned  to  lest  more  rigid  materials,  including  plaster  walls. 

1!).  Sound  l><  <i<l<  iiiin/  in  Hospitals. — Richard  E.  Schmidt  gives 
a  discussion!  of  sound  transmission  in  buildings,  paying  particular 
attention  to  the  character  of  building-  materials  with  acoustic  prop- 
erties suitable  for  use  in  hospital  construction.  The  article  gives 
sketches  of  rooms  and  photographs  of  buildings  in  Chicago  that  have 
sound-proofing  features. 

20.  Sound-Proofing  Tests  Mode  in  Chicago  Music  Building. — ■ 
Table  4  pictures  the  construction  and  relative  sound-proof  efficiency 
of  various  types  of  building  constructions.  This  table  appears  in 
the  1911  catalogue  of  the  Corrugated  Bar  Company.  It  has  been 
impossible  to  locate  any  description  of  the  tests  other  than  the 
information  given  in  the  table,  bid,  the  results  set  forth  are  so 
thoroughly  in  accord  with  the  conclusions  reached  in  other  investiga- 
tions that   the  data  are  included  as  additional   information. 


Sabine,    I'    E.      "Architectural    Acoustics.      The   Transmission   <>r   Sound   Through   Flex 
ible  Materials."     Am.   Arch.,    Vol.    120,    pp.  215,  266,    L921. 

Sound    Deadening    in    Hospitals."      Surgery,    Gynecology,    and    Obstetrics,    Vol.    XXXI. 
pp.    in:.  1  10.    . I uly.    1920. 
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Table  4 

Comparative  Sound-Pkoof  Tests  made  at  Music  Building, 
Chicago,    in     1895. 


Type  of  Partition 


-^ 


aBoa^l 


pnmem 


™Wl 


mnpznnmn 

'/, T|LE  V       'i 


-/- 


/T7777 


wnuum> 


I 


A      M 
Trrih-rrrtfrTTrtA 


'///>/ 


w 


12"    CENTERS 


T  V4  "   IRON     ROOy  FILL 

\wire  Cloth  l»ceo  to  rod  W|T 

SOLIO    PLASTER    PARTITION 


3  C 

•<  a 


common  mortar 
(cement) 


common  mortar 

(cement) 


common  mortar 

(cement) 


& 


WMmillllMIIII-lllllllll.lllllrliyillllll 
4^2'STUOS    16"CENTERS 


ACED    TO    ROD 

^  "  ROD    U'-CENTERS 


T 


ROCK  PLASTER 


COMMON  MORTAR 
(CEMENT) 


/  PLASTE 


"|_      IRON    IS'-    CENTERS 

nq'f"  ll~  ngJ"  "  . 

— j    •••••  ••••• ;■■ 

EXPANDED    METAL  S 


acme  plaster 

common  mortar 

(cement) 


^ 


^"HOO    12-'CFNTFRS 


. /■  2'  •    IRON  SI 

,*/     16"   CENTE 


common  mortar 
(cement) 


IR.E  Cloth  laced  to   R'D 


Tnr^^^v-.1  :  t  '''wrmm. 


EXPANDED    META 


LASTER  / 


acme  plaster 

common  mortar 

(cement) 


■S- 


Exr-ANDEO 


LASTER  / 


5.* 


IRON    I6"    CENIEHS 


t(   Mi:   PLASTER 

common  mortar 

(cement) 


*  Sound  carried  through  due  to  metal  connections 
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V.     Apparatus  a.\i>  Methods  Used  in  Present  Investigation 

21.  General  Methods  and  Apparatus. — The  experiments  on  which 
this  bulletin  is  based  have  extended  over  a  period  of  seven  years, 
but  have  been  confined  largely  to  three  periods.  The  method  used 
remained  essentially  the  same  throughout,  but  the  apparatus  and 
conditions  were  improved  greatly  for  the  later  tests.  Materials  tested 
had  considerable  area — at  least  3  ft.  by  5  ft. — and  varied  in  structure 


y 


sail 


Fig.  3.    Diagram  ok  Apparatus  for  Testing  Transmission   and 

Reflection  of  Sound 
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from  thin  flax  and  hairfelt  to  solid  plaster  partitions.  An  adjustable 
metal  organ  pipe  blown  by  air  from  a  constant  pressure  tank  served 
as  the  source  of  sound.  This  was  mounted  at  the  focus  of  a  parabolic 
reflector  5  ft.  in  diameter  (see  Fig.  3),  so  that  a  large  percentage  of 
the  generated  sound  was  directed  in  a  parallel  bundle  against  the 
partition  under  test.  The  sound  was  partly  reflected  and  partly 
transmitted,  the  amounts  of  transmission  and  reflection  being  meas- 
ured simultaneously  by  Rayleigh  disc  resonators  placed  in  the  paths 
of  the  sound. 

22.  The  Rayleigh  Disc  Resonator. — The  simplest  form  of  this 
instrument  consists  of  a  tube  closed  at  one  end  and  open  at  the 
other.      (See  Fig.  4.)      Sound  waves  of  suitable  frequency,  coming 


Fig.   4.     Diagram   of   Simple  Kayleigh   Besonator 


to  the  instrument,  set  up  standing  waves  in  the  tube  with  a  considerable 
back  and  forth  surging  of  the  air  at  a  "loop."  A  thin  circular 
mica  (or  glass)  disc  suspended  at  this  loop  at  an  angle  to  the  axis 
of  the  tube  tends  to  turn  flatwise  to  the  alternating  air  currents.  If 
a  fine  quartz  thread  is  used  to  suspend  the  disc  and  the  latter  is 
placed  at  an  angle  of  45  deg.  to  the  axis,  a  delicate  means  is  provided 
for  measuring  sound,  the  amount  of  rotation  of  the  disc  varying  from 
0  deg.  to  45  deg.  depending  on  the  intensity  of  the  incident  sound. 
This  turning  action  is  in  accordance  with  the  general  principle  that 
a  flat  object  in  a  current  tends  to  set  itself  flatwise  to  the  current. 
Any  turning  of  the  disc  is  made  visible  by  the  movement  of  a  beam 
of  light  reflected  from  its  surface  to  a  scale.     Theory  shows  that 
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the  comparative  intensities  of  two  sounds  acting  separately  on  the 
instrument  are  given  by  the  equation:* 

h  _  0,   sin  2  (fl-</>  2 ) 
I2      02  sin  2  (0-0 1) 

where  /,  and  I2  are  the  intensities  of  the  sounds,  4>x  and  0.  the  corre- 
sponding deflections  of  the  disc,  and  6  (usually  45  deg.)  is  the  angle 
between  the  normal  to  the  disc  and  the  axis  of  the  tube. 

Since  the  intensities  of  the  transmitted  sounds  varied  over  a 
wide  range  during  the  tests,  several  resonators  of  different  sensitivity 
were  required  to  obtain  the  measurements.  For  the  faint  sounds 
transmitted  by  solid  plaster  partitions,  it  was  necessary  to  develop  a 
sensitive  double  resonatorf  of  the  proper  frequency  to  obtain  measure- 
ments. (See  Fig.  5.)  This  latter  instrument  measured  sounds  of 
"threshold  audibility,''  that  is,  sounds  so  faint  that  they  could  barely 
be  deteeted  by  the  ear.  The  resonators  are  much  more  sensitive  than 
the  ear  in  measuring  sounds  of  different  intensities.  This  is  evidenced 
by  the  need  of  several  resonators  of  different  sensitivity  to  measure 
the  same  range  delected  by  the  ear.  The  hearing  sensation  is  propor- 
tional to  the  logarithm  of  the  intensity  and  is  therefore  quite  insensi- 
tive. 


Watson,   P.    B.     "An    investigation   of  the  Transmission,    Reflection,   and    Absorption   of 
Sound  by  Different  Materials."     Phys.  Rev.,  Vol.  7,  pp.   125-132,  1916. 

t  Rayleigh,  Lord       "Note  on  the  Theory  of  the  Double  Resonator."     Phil.  M:il:  ,   Vol.  30. 
pp.   231-234,    1918. 
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Fig.  5.     Sensitive  Eayleigh  Kesonator  for  Measuring  Faint  Sounds 


Fig.  6.     Apparatus  Used  in  Investigation 


Fig.  7.     Apparatus  for  Measuring  Transmitted  Sound 
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VI.     Preliminary  Investigation 

1'.'!.  Arrangement  of  Apparatus. — Figures  6  and  7  illustrate  the 
conditions  for  the  first  test.  An  organ  pipe  blown  steadily  by  constant 
air  pressure  generated  a  sound  that  was  transmitted  through  a  door- 
way into  an  adjacent  room  where  a  Rayleigh  resonator  measured  the 
energy.  Measurements  were  taken,  first  through  the  open  doorway, 
then  with  one  panel  of  the  material  over  the  doorway,  next  with  two 
panels,  and  finally  with  three  panels;  the  deflection  of  the  resonator 
being  noted  for  each  case.  Since  the  tests  were  comparative,  all 
conditions  were  maintained  as  constant  as  possible.  Every  article  in 
the  room  was  left  undisturbed  so  that  the  interference  pattern  due  to 
reflection  of  sound  from  various  surfaces  would  remain  unchanged  and 
not  affect  the  readings  of  the  resonator.  To  eliminate  the  effect  of 
the  observer,  who  necessarily  must  have  some  freedom  of  motion,  a 
small  booth  was  built  with  a  glass  window.  The  observer  could  shut 
himself  in  this  compartment  and  take  readings  through  the  window. 
The  samples  to  be  tested  were  fastened  on  similar  frames  of  1-in. 
cypress  and  mounted  over  the  doorway  by  two  ropes.  A  strip  of 
hairfelt  was  installed  around  the  door  frame  to  prevent  leakage  of 
sound  at  the  edges. 


24.     Experimental  Results  Obtained. 

Ii:e  reflection  and  transmission  of  sound. 


-Table  5  gives  results  for 


Table  5 
Transmission  and  Keflectjon   of   Sound 


Material 

Deflection  of  Resonator  in 

cm. 

Reflection 

Transmission 

Thickness  in  layers                      0                1 

2 

:; 

'    0               , 

2 

3 

'  ip.-ii  Doorway 

:;  '.i 

:-i!i  4 

1  ..-in.  Hairfelt 

t  9 
1.".  7 
25  '.< 
20   7 
10.4 
22  5 
2:;  .- 

6.6 

22.0 

21.2 

5.9 

6.6 

20.0 

1(1  .-, 

22  6 

22.1 

10.0 

9.3 

2(1    II 

22   6 
7   9 

1  15 

.",   (I 
6  5 

2  2.". 
'I  32 

II    2 

15    1 
3  75 

2   05 
2  1    7 
1    95 
o  55 

'4" -in.  Cork  Board. 

2  '» 

:!4-in.  Cork  Board 

0    V". 

J-4-in.  Paper-lined  Hairfelt 

:;   s 

:t4-in.  Paper-lined  Hairfelt 

0   4 

:;4-in.  Flax  Board.  .  .  . 

'i'-in.  Pressed  Fiber    . 

;i  -in.  Pressed  Fiber.  . 



25.     Discussion    of    Results. — The    results    show    the    effects    of 
different  materials  on  sound  waves.     Porous  hairfelt  transmits  con- 
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siderable  sound,  and  the  reflection  is  small.  Other  samples,  impervious 
to  air,  reflect  more  and  transmit  less.  A  better  conception  of  the 
results  is  obtained  by  considering  the  relative  values  of  the  transmis- 
sion and  reflection  together  with  the  absorption.  Curves  for  these 
values  may  be  plotted  on  the  same  scale  by  assuming  that  the  open 
doorway  transmits  100  per  cent  of  the  incident  sound  and  reflects 
0  per  cent;  also  that  the  maximum  reflection  value  (25.9  for  the  %-in. 
cork  board)  may  be  taken  as  100  per  cent.  These  assumptions  are 
not  rigorously  correct,  but  they  allow  comparisons  that  are  near  the 
truth.* 


/oo 


Th/cfcness  in  Layers 


Fig.  8.     Relative  Amounts  or  Sound  Reflected,   Absorbed, 
and  Transmitted  by   Hair  felt 


26.  Action  of  Porous  Materials. — Fig.  8  shows  the  results  for 
ij-in,  hairfelt.  Due  to  absorption  of  energy  in  the  pores  of  the 
material  the  transmission  decreases  with  increasing  thickness,  ac- 
cording to  the  law  stated  in  paragraph  7.  The  reflection  increases 
with  increasing  thickness  but  tends  toward  a  constant  value,  indicating 
that  the  reflection  does  not  take  place  entirely  at  the  surface  of  a 
porous  material  bu1  requires  a  certain  thickness  to  give  the  maximum 
value.     The   absorption    also   appears   in   this   diagram    because   the 


Watson,    F.    It.     Loc.    cit. 
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incident  sound   (7  =  100  per  cent)   is  equal  to  the  sum  of  the  per- 
centages reflected,  absorbed,  and  transmitted. 

/OO 
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S^7/%p/faQbs  orbed 
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2  Tra/is-  m?/ffed 

0m>, 

-Absorbed 

JMM^/, 

K>Ds?f/*?^  fx^w/CCC 

y§ii 

KRef/e><?fed 

yRef/ecfed 

' 

) . .        .     

Fig.   9. 


/  2  3 

Tti/cAness  /r?  Layers 
Transmission,   Eeflection,   and   Absorption   of  Sound 
by  Vibrating  Partition 


27.  Action  of  Materials  Impervious  to  Air. — Fig.  9  shows  results 
that  at  first  were  quite  puzzling.  Two  layers  of  paper-lined  felt  trans- 
mitted more  sound  than  one  layer;  also,  the  reflection  was  less  for 
two  layers  than  for  one.  The  explanation  is  easily  seen  when  the 
transmission  and  reflection  are  plotted  together.  The  two  layers 
vibrated  under  the  action  of  the  sound  so  that  the  transmission  was 
disproportionately  large.  An  extreme  case  of  this  kind  would  exist 
if  a  material  vibrated  exactly  as  the  air  would  if  the  material  were 
not  present.  There  would  then  be  no  resistance  to  the  sound  waves, 
hence  no  reflection,  and  all  the  sound  would  be  transmitted. 

28.  Conclusions. — The  information  given  in  Figs.  8  and  9  is 
quite  Aital  in  the  consideration  of  sound-proof  structures.  Fig.  8 
shows  the  normal  reflection,  absorption,  and  transmission  to  be 
expected  for  compressional  waves  passing  from  one  medium  through 
another.  Fig.  9  shows  the  anomalous  effects  set  up  when  a  layer  of 
material  vibrates  as  a  whole.  This  is  the  usual  case  in  building  con- 
structions where  partitions  vibrate  more  or  less  under  the  action  of 
sound  and  give  unexpected  results.  The  obvious  procedure  to  avoid 
this  complication  is  to  use  rigid  partitions  and  minimize  the  vibration. 
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VII.     Investigation  op  Thin  Plaster  Partitions 

29  Arrangement  of  Apparatus. — This  set  of  tests  was  conducted 
in  two  basemenl  rooms  separated  by  a  double  wall  consisting  of  two 
9-in.  brick  partitions  with  separating  air  space.  The  walls  cnclosin<»- 
the  rooms  were  of  heavy  brick  construction,  the  ceilings  consisted  of 
4-in.  concrete  slabs,  and  the  wood  floors  rested  on  concrete.  A  window 
mil  through  the  double  wall  between  the  rooms  was  lined  with  cement 
plaster  and  allowed  the  sound  generated  in  one  room  to  pass  directly 
to  the  part  it  ion  under  test.  (See  Pigs.  •'!  and  10.)  The  reflected  sound 
and  the  sound  transmitted  into  the  neighboring  room  were  measured 
by  Rayleigh  resonators.  The  source  of  sound  was  an  adjustable 
Edelmann  pipe  giving  about  630  vibrations  per  second.  The  double 
doors  connecting  the  rooms  were  padded  with  felt  and  arranged  to 
shut  as  tightly  as  possible.  The  arrangements  proved  to  be  quite 
satisfactory  for  the  experiments.  Air  currents  were  eliminated  and 
disturbing  outside  sounds  were  reduced  to  a  minimum.  Any  trans- 
mission of  sound  from  one  room  to  the  other  was  thus  confined  to  the 
.sample  under  test. 

.'!().  Mali  rials  and  Method  of  Measurement. — The  materials  tested 
varied  in  structure  from  porous  hairfelt  to  plaster  coating  on  wood 
lath.  Since  the  measurements  were  to  be  comparative  all  conditions 
were  maintained  as  constant  as  possible,  the  only  changing  factors 
being  the  samples  under  test.  When  taking  measurements,  the 
observer  entered  a  small  booth  built  for  the  purpose  and  closed  the 
door.  Each  panel  had  the  same  size.  3  ft.  by  5  ft.,  and  was  clamped 
in  place  over  the  window  in  the  same  manner  by  a  wooden  frame 
with  iron  bars  and  tightening  nuts.  Collapsible  samples  were  held 
in  place  by  wire  nctt  ing.  The  range  of  intensil  ies  of  sound  transmitted 
was  so  great  that  two  Rayleigh  resonators  of  different  sensitivity  were 
used,  intermediate  values  being  taken  by  both  resonators  to  give 
continuity  of  results.  The  reflected  sound  was  measured  simul- 
taneously with  the  transmitted  sound,  thus  giving  check  measurements, 
since  any  variation  in  conditions  affected  both  the  transmission  and 
the    reflection. 

31.  Results  Obtained.  The  plaster  samples  were  constructed 
by  an  expert  workman  and  allowed  to  <\vy  before  testing.    They  were 


Fig.  10.     View  of  Test  Koom,  Showing  Sample  Partition 
Clamped  over  Window 


SOUND-PROOF  PARTITIONS 


37 


then  tested  one  after  the  other  under  conditions  kept  as  uniform  as 
possible.  The  measurements  were  repeated  five  times,  thus  giving 
six  observations  for  each  result  noted.  In  some  cases  of  doubt,  further 
measurements  were  taken.  Table  6  indicates  the  results  obtained. 
The  first  column  of  figures  gives  the  actual  deflections  observed  for 
transmitted  sound,  the  three  Sackett  boards  being  tested  by  both 
resonators  to  establish  the  connecting  ratio  between  the  two  sets  of 
readings.  The  second  column  gives  relative  transmission  values  for 
the  entire  set  of  materials.  These  values  were  obtained  by  reducing 
proportionately  the  numbers  in  the  second  set  so  that  the  readings  for 
the  Sackett  boards  were  the  same  in  both  sets.  The  third  column 
gives  deflections  for  the  reflected  sound,  the  same  resonator  being  used 
throughout  for  these  measurements. 

32.  Discussion  of  Results. — The  results  show  that  the  porous, 
burlap-lined  flax  and  the  hairfelt  transmit  considerable  sound  and 
reflect  little.  Paper-lined  materials — the  Keystone  Hair  Insulator 
and  Cabot  Quilt — transmit  less  and  reflect  more.  The  Sackett  boards 
are  the  most  efficient  sound  insulators  of  the  thinner  samples,  while  in 
the  plaster  panels  those  containing  gypsum  plaster  appear  to  be  more 
effective  in  stopping  sound.  This  is  probably  due  to  the  fact  that 
gypsum  produces  a  stiffer,  more  rigid  structure.  Some  estimation  of 
the  absorption  of  sound  may  be  formed  by  remembering  that  the  sum 
of  the  transmitted,  reflected,  and  absorbed  sound  equals  the  constant 
incident  sound.  If  the  transmission  and  reflection  are  both  small,  as 
with  the  mineral  wool  for  example,  the  absorption  is  correspondingly 
large.  Thus  with  the  plaster  panels  the  reflection  is  extremely  large, 
and  the  transmission  and  absorption  correspondingly  small. 

Table  6 
Deflections  of  Eesonatoh  for  Transmitted  and  Reflected  Sound 


Material 


}  a-in.  Flax,  burlap-lined  . . . . 

'■..-in.  Hairfelt 

Ji-in-  Paper-lined  hairfeh 
'i'-in.  Cabot  Quilt  sinfdr  ply 
l/g-in.  Building  paper  .  .  . 

1  a-in    I 'lax  board 

'4  in.  Sackett  board 

3-s-in.  Sackett  board 

H-in.  Sackett  board 


6.0 
14.7 
15.fi 
32  3 

2fi.2 
41.9 
42  2 
42.7 
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Table  G     (Continued) 
Transmission  Obtained  with  More  Sensitive  Resonator 


Man-rial 


1 4-in.  Saokett  board 

J-g-in.  Sackett  board 

J^-in.  Saokett  board 

2-in.  Mineral  wool 

2-in.  Gypsum  furring  strips 

Plasteh  Panels 

Lime  base,  gypsum  finish 

Sanded  gypsum  base,  lime  finish 

Sanded  gypsum  base,  gypsum  finish .... 

Wood  fiber  base,  gypsum  finish 

Wood  fiber  base,  lime  finish 


Transmission 


0.36 
0.26 
0.15 
0.22 
0.073 


0.0C2 
0.078 
0.042 
0 .  030 
0.022 


Reflection 


Lfl  'i 

45  S 


45.2 
45.1 
45.8 
46.0 
46.1 


Since  the  materials  in  this  series  of  tests  were  compared  under 
circumstances  maintained  as  uniform  as  possible,  the  results  obtained 
are  valuable  for  guidance  when  selecting  material  and  constructions 
for  sound-proofing  purposes. 


SOUND-PROOF  PARTITIONS 


39 


VIII.     Miscellaneous  Transmission  Tests 

33.  Test  Rooms  and  Apparatus. — The  apparatus  and  arrange- 
ments for  these  tests  were  quite  similar  to  those  used  in  the  previous 
ones.     (See  Fig.  11.)     The  apparatus  was  rearranged  for  convenience 


Fig.   11.     Arrangement  ok  Test  Hooms  and  Apparatus 
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and  to  guard  the  sensitive  resonators  from  disturbance  when  workmen 
were  about.  The  source  of  sound  was  an  adjustable  metal  organ  pipe 
designed  for  the  tests  and  arranged  to  give  512  vibrations  per  second, 
this  being  considered  an  average  pitch  for  sounds  ordinarily  met  with 
in  buildings.  The  organ  pipe  \v;is  blown  by  air  from  a  constanl 
pressure  tank  so  that  throughout  the  tests  the  pitch  was  maintained 
at  512  vibrations  per  second,  with  a  maximum  variation  of  3  vibra- 
tions per  second  as  shown  by  comparison  with  a  standard  tuning  fork 
at  different  times.  A  double  Rayleigh  resonator  developed  to  a  high 
degree  of  sensitivity  served  to  measure  the  faint  sounds  transmitted 
by  the  thicker  wall.  (See  Pig.  5.)  It  gave  responses  for  sounds 
that  could  barely  be  detected  by  the  ear.  thus  furnishing  a  desirable 
instrumental  substitute  for  the  hearing,  because  the  ear  is  untrust- 
worthy in  its  quantitative  comparison  of  sounds  of  differenl  intensity. 

34.  Further  Details  of  Arrangements.  The  amount  of  sound 
transmitted  was  small,  so  special  care  was  taken  to  minimize  the  effect 
of  any  leakage  of  sound.  As  already  explained,  the  bulk  of  the  sound 
was  directed  by  means  of  a  reflector  againsl  the  partition  under  test. 
The  reflected  sound  was  then  largely  absorbed  by  padding,  especially 
by  additional  layers  hung  on  the  walls  firsl  struck  by  the  reflected 
waxes.     Pigs.  12  and  13  show  the  details. 

The  doorway  between  the  rooms  received  special  attention.  Two 
sound-proof  doors  were  installed  in  the  wall  of  the  inner  room. 
the  door  casing  cracks  being  stopped  by  hairfelt  and  plaster  of  Paris. 
These  proved  sufficient  for  1  he  preliminary  tests,  bu1  when  the  thicker 
plaster  partitions  were  tested  a  small  transmission  of  sound  became 
noticeable.  A  third  sound-proof  door  was  therefore  mounted  in  the 
second  brick  wall,  after  which  no  leakage  of  sound  through  the  door 
could   he  detected  by  the  ear. 

The  sound  transmitted  by  Hie  test  partition  passed  directly  to 
the  Rayleigh  resonator,  where  it  produced  its  effect,  and  after  this 
it  was  absorbed  by  padding  as  in  the  other  room.  Investigation  with 
the  ear  verified  the  actions  just  described.  It  showed  that  an  intense 
sound  was  directed  to  the  partition  and  that  it  was  then  reflected 
strongly,  the  paths  of  the  waves  being  as  shown  in  Fig.  11. 

Since  the  measurements  were  to  be  comparative,  the  effort  was 
made,  as  in  the  previous  tests,  to  maintain  constant  conditions. 
Articles  of  furniture  and  draperies  in  the  rooms  were  kept  fixed  in 
position  so  that  the  interference  pattern  would  remain  unchanged. 
Tl bserver    placed    himself    in    a    small    booth    where    he    could   take 


t> 


Fig.  12.    View  of  Test  Room,  Showing  Rayleigh  Resonator  and 
Booth  for  Observer 


Fig.  13.    View  of  Test  Room,  Showing  Parabolic  Reflectob 

Lined   with    Linoleum 
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readings  through  a  glass  window  without  disturbing  the  action  of 
the  sound.  Afire  the  initial  adjustments  the  organ  pipe  and  resonator 
were  not  modified.  The  pressure  tank  and  the  pipe  connections  were 
set  up  permanently  at  the  beginning  of  the  experiments.  Changes 
were  made  only  when  one  partition  was  taken  out  and  its  successor 
built  in  the  wall  in  the  same  position.  Where  the  partitions  wfere 
of  equal  thickness  the  measurements  were  strictly  comparable.  The 
tests  were  conducted  as  rapidly  as  was  consistent  with  accuracy  in 
order  to  secure  fairly  uniform  conditions  of  temperature  and  humidity, 
the  chief  delaying  factor  being  the  time  required  for  the  plaster  coats  to 
dry.  The  tests  on  the  plaster  walls  were  made  during  the  months  of 
June  and  July,  1919. 

Additional  measurements  were  taken  throughout  by  methods  other 
than  the  one  described.  While  these  extra  measurements  are  not 
considered  as  reliable  as  those  given  by  the  Rayleigh  resonator,  they 
arc  in  the  same  order  and  thus  furnish  an  independent  check  on 
the  results. 

35.  Preliminary  Test  on  Transmission  of  Sound  Through  Outing 
Flannel. — It  was  the  intention  in  this  test  to  make  certain  that  the 
apparatus  and  method  would  be  applicable  to  plaster  partitions,  par- 
ticularly those  of  some  thickness.  It  was  planned  also  to  establish 
if  possible  the  law  connecting  the  intensity  of  the  transmitted  sound 
with  the  thickness  of  the  partition.  For  this  latter  purpose  a  prelim- 
inary experiment  was  performed  on  the  transmission  of  sound  through 
outing  flannel.  One,  two,  three,  four,  five,  and  six  layers  of  this 
material  were  mounted  in  succession  over  a  metal  lath  core  installed 
in  the  opening  between  the  two  rooms,  the  transmitted  sound  for  each 
case  being  measured  by  a  Rayleigh  resonator.  The  results  are  shown 
graphically  in  Fig.  14,  where  the  intensities  of  the  transmitted  sound 
are  plotted  against  Hie  respective  thicknesses.  If  this  were  a  case  of 
pure  absorption,  expressible  by  the  equation  i  =  i0a  ''.  as  in  paragraph 
7,  the  logarithms  of  the  intensities  plotted  against  the  thicknesses 
woidd  give  a  straight  line.  The  logarithms  plotted  for  this  case  are 
shown  in  Fig.  14,  the  small  departure  from  a  straight  line  being 
explained  simply  by  the  fad  that  the  reflected  sound  was  not  constant. 
1ml  became  greater  with  increasing  thicknesses,  so  that  the  intensity 
of  the  transmitted  sound  fell  off  more  rapidly  than  it  would  by  absorp- 
tion alone.  The  success  of  this  experiment  verified  the  various  assume 
lions  concerning  the  method  and  apparatus  and  gave  confidence  \'<>v 
further  tests  with  denser  walls. 


44 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


/  2  3  4  5  6 

T/y/ckness,  Layers  of  Outing  F/ar?ne/ 
Fig.  14.     Transmission  of  Sound  by  Outing  Flannel 


36.  Transmission  Through  Thin  Plaster  Partition. — Plaster  was 
then  applied  in  place  of  the  outing  limmel  (see  Fig.  15),  and  it  proved 
to  be  so  much  more  effective  in  stopping  sound  that  the  resonator 
used  with  outing  flannel  gave  no  readable  deflection,  making  it  neces- 
sary to  install  one  much  more  sensitive — the  resonator  pictured  in 
Fig.  5 — before  a  reading  could  be  obtained.  Measurements  were 
taken  on  this  panel  for  a  week,  until  the  plaster  dried.  More  plaster 
was  then  applied  with  a  brush  to  the  back  of  the  panel  in  order  to 
fill  the  holes  between  the  keys,  thus  producing  a  fairly  uniform 
thickness  of  about  %  in.  For  this  increased  thickness  the  resonator 
gave  a  deflection  about  one-sixth  as  great  as  for  the  thinner  layer. 
Further  measurements  wore  then  taken  for  nine  successive  days,  the 
results  being  shown  graphically  in  Fig.  16,  which  displays  sonic  inter- 
esting features.  The  transmission  increased  during  the  second  and 
third  days  after  the  firsl  coat  of  plaster  was  applied,  due  probably 
to  some  change  in  the  plaster  as  it  set  and  dried.  This  phenomenon 
is  shown  for  the  second  coal  of  plaster  also. 

37.  Effect  on  Transmission  of  Sound  When  Pressun  is  Applied 
to  a  Thin  Partition. — Finally,  the  transmission  of  sound  was  measured 
when  this  panel  was  subjected  to  successively  increasing  pressures 
until  it  broke.     The  pressures  were  applied  by  a  2-in.  board  and  two 


Fig.  15.     Experimental  Partition  Formed  by  a  Coat 
of  Gypsum  Plaster  on  Metal  Lath 
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Fig.  17.     Transmission  of  Sound  by  Plaster  Partition  under  Pressure 
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iron  lull's.  Turning  the  nuts  on  the  bolts  supporting  the  iron  bars 
gave  successive  increases  in  pressure.  Under  this  treatmenl  the 
panel  acted  very  much  like  a  drumhead,  transmitting  mure  sound  when 
luned  up  and  less  when  something  in  the  panel  gave  way  and  relieved 
the  tension.  Additional  pressure  tightened  it  again  and  the  trans- 
mitted sound  was  increased,  etc..  until  finally  it  passed  the  elastic 
limit  and  gave  way  like  putty  under  the  increases  (1|'  pressure.  No 
great  amount  of  sound  was  transmitted  in  any  ease  until  plaster 
was  knocked  off  both  sides  of  the  metal  lath,  thus  leaving  an  open 
passage  aboul  l>  in.  long.    Fig.  17  gives  the  details. 

38.  Effect  of  Pressure  on  a  Thick  Plaster  Partition.  The  fore- 
going experiment  was  repeated  with  a  2-in.  solid  plaster  board  and 
plaster  partition.  A  4-in.  wooden  block  was  pushed  with  successively 
increasing  pressures  against  the  center  of  the  partition  and  measure- 
ments of  transmission  taken  at  successive  stages  until  cracks  id'  some 
size  were  developed.  The  amounts  of  sound  transmitted  were  not 
large,  probably  because  of  the  friction  between  the  rough  walls  of 
the  cracks  and  the  vibrating  air  particles.  Figs,  is  and  lit  show 
photographs  of  the  partition,  while  Fig.  20  gives  the  transmission 
measurements. 

39.  Transmission    of  Sound    Through    Threshold   Apertures. 

In  order  to  test  the  transmission  through  threshold  apertures,  a  door 
was  built  into  a  2-in.  solid  metal  lath  and  plaster  partition  as  shown 
in  Fig.  21.  The  door  was  constructed  of  2-in.  wooden  planks  and 
was  carefully  fitted  into  the  opening.  Door  slops  were  used  on  the 
side  opposite  the  source  of  sound  except  at  the  threshold  aperture. 
The  rehit  ive  intensil  ies  of  sound  calculated  from  the  resonator  readings 
are  as  follows  : 

i' in.  metal   lath    partition,   before   insertion   of   door     ....       0.93 
With  door  installed  with   jpg-in.  threshold  opening          ....       7.3 
With  door  installed  with   '^  in.  threshold  opening 11.7 

While  the  results  probably  do  not  express  exactly  the  intensities  of 
the  transmitted  sound  because  of  the  diffraction  effects  by  the  narrow 
opening,  they  give  relative  values  of  the  effect  of  threshold  openings. 
These  openings  are  equivalent  to  wide  cracks. 


Fig.  18.     Method  of  Applying  Pressure  to  Partitions 
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Fig.  19.     Cracks  Developed  in   Solid  Plaster  Board  and  Plaster   Partition 


Fig.  21.     Door  Installed  in  2-ix.  Metal  Lath  and  Plaster  Partition" 
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IX.     Transmission  of  Sound  by  Solid  Plaster  Partitions 

40.  Introductory  Statement. — The  preceding  tests  showed  that 
the  method  could  be  applied  to  solid  plaster  partitions  as  well  as  to 
outing  flannel  and  thin  partitions,  and  that  the  instruments  were 
sensitive  enough  to  measure  the  fainter  sounds  transmitted  by  thick 
plaster.  The  way  was  now  open  to  test  thicker  plaster  partitions. 
According  to  the  method  described  comparative  measurements  on 
the  intensity  of  transmitted  sound  were  made  on  the  following  con- 
structions : 

2  in.  solid  metal  lath  and  plaster  partition; 
2  in.  plaster  board  and  plaster  partition; 
3-in.  plaster  block  partition  plastered  on  both  sides; 

3-in.  plaster  block  partition  plastered  on  both  sides  with  the  air  holes  in 
the  plaster  block  filled  with  plaster. 

The  partitions,  49  in.  by  64  in.  in  area,  were  erected  by  an  expert 
journeyman  plasterer  according  to  the  usual  practical  methods.  All 
materials  were  purchased  by  a  local  contractor  in  the  open  market. 
The  same  kind  of  plaster  was  used  on  all  partitions. 

41.  Case  for  2-in.  Solid  Metal  Lath  and  Plaster  Partition. — The 
partitions  were  built  solidly  into  the  wall  nearest  the  source  of  sound, 
the  plaster  coats  being  applied  successively  according  to  standard 
specifications.  Instead  of  waiting  until  the  partition  was  completed, 
measurements  on  transmission  of  sound  were  taken  for  each  thickness, 
thus  giving  some  idea  of  the  effect  of  increasing  thicknesses  of  plaster 
in  stopping  sound.  Table  7  gives  details  of  results  for  the  metal  lath 
partition  and  indicates  the  procedure  followed  for  the  other  partitions 
tested  for  which  only  the  essential  records  are  shown.  Each  measure- 
ment recorded  is  the  average  of  two  measurements  in  most  eases,  in 
others  of  three. 

Fig.  23,  Curve  1,  shows  the  deflections  of  Fig.  22  plotted  against 
the  increasing  thicknesses  of  the  partition.  The  transmitted  sound 
decreases  rapidly  until  the  thickness  of  the  wall  increases  to  about 
%  in.,  after  which  the  decrease  is  slower.  The  thicknesses  for  the 
various  layers  were  measured  when  the  partition  was  torn  down, 
average  values  of  several  broken  pieces  being  taken. 
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Table  7 

Readings  of  Rayleigh  Resonator  for  Sound  Transmitted  by  a  2-in.  Metal 
Lath  and  Plaster  Partition* 


June  2i 


June  25 


June  2G 


June  27 


Juno  28 


June  29 
June  30 


July  1 . 


July  2 . 


July  3. 


July.4 . 

July  5 
July  6 


Date 


Hour 


A.M. 

8.00 

P.M. 

2.00 
4.30 

\.M. 

s .  30 
11,30 

P.M. 

1.00 
3.00 
4.00 

A.M. 

8  30 
11.30 

P.M. 

1.00 
2 .  30 
8.30 

A.M. 

8.30 

P.M. 

1.00 
3.00 
8.00 

A.M. 

8.30 

1 1 .  30 

P.M. 

4.30 
1.30 

A.M. 

8.30 

P.M. 

1.00 
5.00 

A.M. 

8.30 

P.M. 

1.00 
7.30 

A.M. 

S.30 

P.M. 

5.00 

A.M. 

8.30 
P.M. 

4  30 

A.M. 

8.30 

P.M. 

8.00 

A.M. 

8 .  30 

P.M. 

5.30 

1   30 


Conditions 


First  coat  of  plaster  applied  on  metal  lath 

72.5  cm.  deflection  of  resonator 
68.0  cm. 

87.7  cm. 
89.7  cm. 

second  coat  cf  plaster  applied 
10.2  cm. 
9.4  cm. 

14. G  cm. 
16.2  cm. 

third  coat  of  plaster  applied 

7.3  cm. 

5.4  cm. 

4.3  cm.,  drying  fans  put  on 

both  finish  coats  applied 

3.8  cm.,  transmitter!  sound  very  faint 

3.6  cm. 

3.0  cm. 
2.8  cm. 

1.2  em. 

3.4  cm.,  Sunday,  quiet 

2.2  cm. 

2.6  cm. 
2.6  cm. 

3.6  cm. 

3.8  cm. 

3.7  cm. 

3.4  cm. 

3.6  cm.,  plaster  wet  on  surface 
3.2  cm.,  drying  fans  on 

3.9  cm. 

3.4  cm. 

3.5  cm. 

3.4  cm.,  partition  dry  except  one  spot 

3.6  cm. 
3.6  cm. 


*The  data  for  the  metal  lath  partition  are  shown  graphically  in  Figure  22,  where  the  deflections 
cf  the  resnonator  due  to  the  transmitted  sound  are  given  for  successive  flays  as  additional  coats  of 
plaster  were  applied. 
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Pig.  23.     Effect  of  Increasing  Thickness  of  I'vrtitton 
on  Transmission  of  Sound 
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-1-2.  Comparativt  Tests  of  2-in.  Solid  Plaster  Partitions. — A  sim- 
ilar set  of  readings  was  taken  for  a  2-in.  plaster  partition  with  plaster 
board  core.  (See  Fig.  23).  The  comparative  efficiencies  of  the  finished 
partitions  are  given  in  Table  8 ,  the  deflections  of  the  resonator  noted 
being  the  average  of  all  the  measurements  taken  after  the  finish 
coats  were  applied,  and  the  intensities  of  the  transmitted  sound  being 
calculated  by  using  the  relation  given  in  paragraph  22. 

Table  8 
Transmission  of  Souxd  by  Solid  Plaster  Partitions 


AvernKe 
Deflection 


Relative 
Transmission 


2-in.  solid  metal-lath  and  plaster  partition      3.35  cm 

2-in.  plaster-board  and  plaster  partition  I         8.52  cm. 


ii  93 


4.'!.     Comparative  Transmission  of  Sound  by  3-in.  Plaster  Block 
Partitions. — The  partitions  tested  are  described  as  follows: 

(a)  3-in.  plaster  block  partition  plastered  on  both  sides,  giving  a  total 
1  liickness  of  4  in. 

(b)  3-in.  plaster  block  partition  plastered  on  both  sides  with  the  air 
holes  in  the  plaster  blocks  filled  with  plaster,  giving  a  total  thickness  of  4  in. 

The  measurements  were  taken  in  the  same  manner  as  for  the  2-in. 
partitions.  The  plaster  blocks  for  test  (b)  were  filled  with  plaster 
and  allowed  to  dry  before  erection  into  the  partition.  The  results 
obtained  are  as  follows: 

Average  Relative 

I  (eflection  Transmission 


Partition  (a) 13.0     cm 3.85 

Partition  (b) 4  .  23  em 1  .  Hi 

44.  Effect  of  ,i  Rigid  Plaster  Partition  on  Sound. — The  trans- 
mission of  sound  through  a  plaster  partition  appears  to  depend  on 
its  rigidity  and  mass.  Thin  partitions  transmit  considerably  more 
sound  than  thick  ones,  largely  because  they  are  less  rigid,  and  vibrate 
more  easily.  Vibrations  are  set  up  which  may  become  quite  large 
when  the  natural  frequency  of  the  partition  is  in  tune  with  the  incident 
sound.  Thick  partitions  on  the  other  hand  are  more  rigid  and 
vibrate  less,  so  that  they  stop  sound  largely  in  proportion  to  their 
mass. 
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Sound  in  a  room  may  be  transmitted  through  the  partitions  with 
more  or  less  difficulty,  depending  on  the  qualities  of  the  structure. 
Thus,  the  inertia  of  ;i  partition  plays  an  important  part.  On  striking 
the  heavy  partition  particles,  the  air  particles  of  small  weight  are' 
thrown  back  in  much  the  same  way  that  a  tennis  ball  would  be,  on 
striking  a  cannon  ball.    Fig.  24  pictures  a  conception  of  this  idea. 

The  partition  particles  are  moved  back  and  forth  slightly  by  the 
incident  pressures  and  rarefactions,  so  that  sound  waves  greatly 
diminished  progress  through  the  partition.  Since  the  latter  is  thin 
compared  with  the  wave  length  of  the  sound,  all  the  particles  in  it 
may  be  thought  of  as  moving  simultaneously  in  the  same  direction ; 
that  is,  the  partition  may  be  considered  to  move  back  and  forth  as  a 
unit.  This  motion  is  carried  to  the  air  on  the  further  side  where 
diminished  waves,  constituting  a  faint  sound,  are  set  up. 


Air 
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Pig.  24.     Diagram  Illustrating  Transmission  and  Reflection-  of 
Sound  Waves  by  a  Solid  Partition 

Theory  shows  thai  the  sound  in  air  reflected  Erom  a  rigid  material 
is  given  by  the  expression:* 

7T  Pi  l/p  X 


Vl  +  TT-'  (P,  /    />A)- 


where   p  is  the  density  of  air.  d,  thai   of  the  material.  X   is  the  wave 
length  of  sound,  and  /  the  thickness  of  the  material.     Calculations 


Rayleigh.   Lord.     "Theory  of  Sound."      Vol.  2,   Sec.  271,    Equation   11. 
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from  this  expression  show  that  the  sound  reflected  from  a  rigid  gypsum 
wall  2.5  in.  thick  is  99.99968  per  cent  where  the  incident  sound  is  taken 
equal  to  100  per  cent.  The  transmitted  sound  is  the  difference  between 
these  quantities,  or  0.00032  per  centr  giving  approximately  a  transmis- 
sion of  3  parts  in  1  000  000  assuming  that  no  sound  is  absorbed  in 
passing  through  the  wall  or  lost  in  any  other  manner.  The  determin- 
ing factor  in  the  reflection  is  the  ratio  of  the  density  of  air  compared 
to  that  of  plaster ;  that  is,  the  wall  behaves  like  a  rigid  body  and 
acts  mainly  because  of  its  inertia.  It  is  quite  unlikely,  however,  that 
such  a  partition  will  be  absolutely  rigid,  particularly  if  it  has  some 
area;  therefore,  some  sound  will  be  transmitted  because  of  vibrations. 

45.  Effect  of  a  Flexible  Plaster  Partition  on  Sound. — In  case 
the  partition  is  limited  in  extent  and  fastened  at  the  edges,  as  it  must 
be  in  any  form  of  partition  construction,  the  sound  pressures  must 
overcome  not  only  the  inertia  of  the  plaster  but  also  its  rigidity  or 
resistance  to  being  distorted.  A  sound  pressure  applied  perpendicu- 
larly to  the  surface  causes  a  small  displacement,  greatest  at  the 
center  and  zero  at  the  edges,  so  that  the  partition  becomes  slightly 
bulged,  with  a  small  increase  in  area.  The  less  a  wall  gives  under  such 
a  force,  the  more  efficiently  will  it  stop  sound.  An  inspection  of  Figs. 
24  and  25  in  this  connection  give  some  idea  of  the  strains  set  up  by  a 


f     I 


Fie  25.     How  a   Partition  is  Bulged  by  Pressure  of  Sound 
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bulging  Eorce.  It  should  be  remembered  thai  the  pressures  due  to 
sound  are  qoI  static  bul  arc  rapidly  alternating  pressures  and  rarefac- 
tions of. very  small  amplitude. 

The  transmission  of  sound  depends  on  the  vibration  of  the  par- 
lit  ion.  which  ads  in  this  regard  like  a  thick  clastic  plate.  The 
rapidly  alternating  pressures  and  rarefactions  of  the  sound  waves 
set  the  partition  in  minute  motion  and  thus  create  corresponding 
pressures  and  rarefactions  (sound  waves)  on  the  farther  side  of  the 
partition.  The  effect  is  intensified  and  the  transmitted  sound  increased 
in  volume  if  the  natural  period  of  the  partition  is  in  tunc  with  the 
sound  waves.  The  vibrations  for  ordinary  sounds  and  partitions  arc 
usually  small,  probably  not  exceeding  1  100  in.  in  amplitude.  Other 
factors  being  the  same,  they  decrease  in  intensity  in  walls  of  greater 
rigidity. 

For  a  rectangular  partition  fixed  at  the  edges  the  period  of 
vibration,  .V.  is  deduced  from  the  equation:* 


2  \a-        b2J  \3-i  (i-o- 


(l-o-^) 

where  q  is  Young's  modulus  of  elasiticity,  p  the  density  of  the  par- 
tition, a  is  Poisson's  ratio  of  lateral  contraction  to  Longitudinal 
extension,  a,  b,  and  2h  the  length,  breadth,  and  thickness  of  the 
partition,  and  m  and  n  whole  numbers  depending  on  the  mode  of 
vibration.  This  equation  shows  that  thick  elastic  partitions  vibrate 
quickly,  hut  massive  partitions  of  some  dimensions  vibrate  more 
slowly. 

46.  Effect  of  tin  Structuri  of  Plaster  Partition. — Another  factor 
affecting  the  transmission  of  sound  through  a  partition  is  the  character 
of  the  structure.  Compared  with  a  thin  partition  a  thick,  homogeneous 
structure  has  the  advantages  of  greater  inertia  and  rigidity.  The 
use  of  an  air  space  completely  separating  two  members  of  a  rigid, 
non-vibrating  double  partition  would  have  a  marked  action  on  sound, 
and.  according  to  theory,  a  partition  of  this  construction  would  stop 
many  times  more  sound  than  a  similar  single  partition  whose  thick- 
ness equals  the  sum  of  the  thicknesses  of  the  two  members  of  the  double 

partition.      This   is  due  to  the  abrupt   change   in   elasticity  and   density 


*  Barton,    E.  II.     "Text    Boole  of  Sound.'    Sec.   226,   Equation   11. 
Rayleigh,    Lord       "Theorj    of    Sound.'     Vol.    1,    Sec,    225 
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from  plaster  to  air  and  from  air  to  piaster  as  the  sound  strikes  the 
second  member.  In  ease  the  air  space  is  bridged  over,  as  in  practical 
constructions  is  usually  the  case  at  the  ceiling,  floor,  and  other  points, 
this  theoretical  efficiency  is  greatly  diminished  because  the  vibrations 
travel  easily  along  the  paths  afforded  by  the  continuity  of  solid  ma- 
terials. Thus  the  bridged  over  partition  should  be  considered  as  a 
unit  instead  of  two  separate  members,  and  its  efficiency  in  stopping 
sound  judged  mainly  on  its  weight  and  rigidity. 

The  core  of  a  partition  is  another  feature  of  structure  that  affects 
the  transmission.  It  may  be  of  such  a  nature  as  to  increase  the 
strength  of  the  partition,  it  may  be  simply  the  central  part  of  a 
homogeneous  medium,  or  it  may  so  separate  the  partition  into  two 
parts  that  the  structure  is  weaker  than  a  homogeneous  unit.  A 
partition  with  increased  strength  due  to  the  core,  such  as  a  steel 
reenforcement,  would  be  more  rigid  than  an  equally  thick  homogeneous 
partition  and  would  stop  more  sound.  ■  The  homogeneous  partition  in 
turn  would  be  more  efficient  in  stopping  sound  than  the  double  par- 
tition weakened  by  the  core.  The  latter,  however,  lias  some  possible 
advantage  in  reflecting  sound  because  of  the  change  in  elasticity  and 
density  in  the  core.  An  extreme  illustration  of  this  kind  would  be  the 
case  where  the  core  consists  of  hairfelt,  so  that  its  action  in  stopping 
sound  would  be  analogous  to  that  of  an  air  space.  If  the  core  consists 
of  a  sheet  of  thick  paper,  making,  without  air  space,  a  continuous 
contact  with  plaster  on  both  sides,  this  efficiency  is  largely  lost  and 
the  small  gain  due  to  reflected  sound  would  appear  to  be  overcome  by 
the  loss  in  rigidity  of  the  structure. 

47.  Discussion  of  Experimental  Results  Obtained  with  Svlid 
Plaster  Partitions. — The  experimental  results  obtained  in  the  tests 
appear  to  be  in  accord  with  these  theoretical  considerations.  Thin 
partitions  vibrated  under  the  action  of  sound  waves,  as  could  be 
ascertained  by  touching  the  surface  of  the  plaster.  The  vibrations 
(and  transmitted  sound)  were  more  vigorous  for  the  proper  co- 
ordination of  the  elasticity  of  the  partition  and  the  frequency  of  the 
sound  as  shown  by  the  data  pictured  in  Fig.  17.  Thick  partitions 
transmitted  but  little  sound.  They  were  quite  rigid  because  of  their 
small  area  and  considerable  thickness,  and  also  because  they  were 
moulded  solidly  in  a  double  brick  wall.  Their  action  in  stopping 
sound  must  have  been  due  largely  to  their  rigidity  and  mass. 
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It  should  not  be  concluded  from  these  tests  that  partitions  of 
similar  construction  in  buildings  will  all  have  exactly  the  same 
sound-proof  qualities;  larger  area  of  building  partitions,  resulting  in 
lessened  rigidity,  will  allow  a  greater  transmission  of  sound.  The 
value  of  the  results  obtained  in  the  tests  Lies  in  the  fact  that  they  were 
obtained  by  direct  comparison  under  identical  surroundings,  rather 
than  by  tests  on  different  types  of  partitions  in  different  buildings, 
with  varying  floor  and  ceiling  constructions,  unequal  sizes  of  rooms, 
uncontrolled  extraneous  sounds,  etc.  The  results  thus  give  informa- 
tion for  guidance  in  the  choice  of  materials  and  constructions  where 
sound  insulation  is  contemplated. 
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X.     Examples  of  Sound-Proof  Rooms 

48.  Preliminary  Statement. — In  order  to  supplement  the  infor- 
mation given  in  the  previously  described  experiments  examples  of 
soundproofing  should  be  included  in  the  discussion.  These  examples 
are  mostly  practical  constructions  in  buildings  with  walls  of  greater 
size  than  could  be  tested  conveniently  in  laboratory  experiments,  and 
with  additional  complexities  such  as  a  ventilation  system,  pipes  for 
steam,  water,  and  wires,  etc.  An  account  of  such  constructions, 
together  with  the  results  of  the  previous  tests,  allows  more  definite 
conclusions  to  be  drawn  concerning  the  general  procedure  in  sound 
insulation. 

The  illustrations  chosen  for  discussion  concern  two  types  of  in- 
stallations ;  first,  single  rooms  that  are  soundproofed  for  experimental 
purposes,  and  second,  entire  buildings  where  sound  insulation  was 
needed.  A  detailed  description  of  all  the  examples  available  would 
involve  too  long  an  account;  therefore,  several  typical  cases  are 
selected  for  discussion  and  references  are  given  for  the  others. 

49.  Sound-Proof  Rooms  for  Acoustic  Experiments. — A  small 
laboratory  building  containing  a  number  of  rooms  for  acoustical 
experiments  was  designed  by  W.  C.  Sabine  according  to  his  extensive 
experience  in  architectural  acoustics.*  The  essential  construction  was 
simple  yet  effective.  Heavy  brick  walls  served  to  give  sufficient 
rigidity  to  reduce  vibrations  to  a  minimum.  The  weight  of  these 
walls  together  with  an  air  space  between  them  presented  a  decided 
hindrance  to  the  transmission  of  sound  waves.     (See  Fig.  26.) 


*  Sabine,    P.   E.      "Wallace  Clement   Sabine   Laboratory  of  Acoustics."      Am.   Arch..   Vol. 
1  1G,   pp.  133-138,   1919. 


62 


[LiLINOIS    ENGINEERING    EXPERIMENT  STATION 


XSULA1ZV  DOORS 


18' Alt  SPACE 


WOOdVOOl 
Pig.  26.     Plan  of  Wallace  Clement  Sabine  Acoustical  Laboratory 

(This  laboratory  was  built  and  is  maintained  by  Colonel  George  Fabyian  at  Geneva, 
Illinois,  because  of  his  interest  in  scientific  work  and  his  personal  regard  tor  Professor 
Sabine.  Since  the  death  of  the  latter  the  investigational  work  lias  been  conducted  bj  Dr 
I'anl    E.    Sabine,    a    cousin   of    Professor   Sabine.) 

."»().  Sound-Proof  Constant -Temperature  Room. — The  structure 
illustrated  in  Pig.  27  is  a  small  building  constructed  primarily  for 
securing  constanl  temperature.  It  appears  also  to  be  an  excellenl 
sound-proof  structure.    The  descripl  ion  *  is  as  follows : 


*  "Results  of  Observations  made  at  the  Coast  and  Geodetic  Surrey  Magnetic  Observatory 
ii  Cheltenham,  Maryland,  L901-1904."  Dept.  of  Commerce  and  Labor,  U.  S.  «'.  and  G.  s. 
pp.    1  1   L3,    1909. 
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Fig.  27.     Vertical  Cross-Section  of  Sound-Proof  Constant 
Temperature  Room 


'The  variation  observatory  is  essentially  two  small  buildings  inclosed  by 
a  third  larger  one.  The  outside  dimensions  of  the  variation  observatory  are  36  by 
56  by  24  ft.,  with  a  vestibule  10  by  13  ft.  The  inner  rooms  are  each  16  by  19% 
ft.  inside  measure,  separated  from  each  other  by  a  passageway  5%  ft.  wide.  The 
wall  insulation  is  as  follows  (see  Fig.  27)  ;  beginning  at  the  outside,  pine  weather- 
boarding,  8-ply  building  paper,  1-in.  pine  sheathing,  Sin.  air  space,  1-in.  pine 
sheathing,  8-ply  paper,  '■'•  ft.  pine  sawdust,  8-ply  paper,  %-in.  pine  sheathing,  3  1/16 
ft.  air  space  (passageway  around  inner  rooms),  %-in.  pine  sheathing,  8-ply  paper, 
1  ft.  pine  sawdust,  8-ply  paper,  %-in.  pine  sheathing.  Beginning  at  the  roof  and 
going  down:  gravel  and  asphalt-pitch  roof,  1-in.  pine  sheathing,  3  2/3  ft.  air 
space,  1-in.  rough  pine  floor,  .".  ft.  pine  sawdust,  8-ply  paper,  %-in.  pine  sheathing, 
3  ft.  air  space  above  inner  rooms,  1-in.  rough  pine  floor,.  1%  ft.  pine  sawdust, 
9-ply  paper,  %-in.  ceiling.  Insulation  from  bottom  of  foundation  is  2  2/3  ft. 
earth,  6  to  8  in.  layer  of  gravel,  .">  ft.  sawdust,  1-in.  pine  floor,  %-in.  matched 
pine  flour.  The  8-in.  air  space  next  to  the  outside  of  the  building  is  provided  with 
slat  ventilators  at  top  ami  bottom,  which  when  open  permit  a  free  circulation  of 
air  up  the  sides  of  the  building  and  out  through  the  ventilators  in  the  roof.  By 
the  use  of  tight -fitting  shutters  it  can  be  converted  into  a  practically  air-tight 
space.  By  this  arrangement  of  alternating  air  spaces  and  sawdust  packing  the 
variation  in  the  temperature  is  kept  within  the  desired  limits  without  the  aid 
T)f  heating  apparatus.  The  daily  range  is  kept  down  to  almost  nothing  and  the 
annual  range  to  only  a  few  degrees  Centigrade." 
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Mr.  \\r.  W.  Merrymon,  one  of  the  magnetic  observers,  stated 
that  the  room  was  so  sound-proof  thai  he  thought  he  would  be  unable 
to  make  outsiders  hear  in  ease  he  were  in  distress  from  lightning  or 
other  causes.  Trial  1>\  loud  shouting  within  the  room  gave  almost 
no  sound  outside,  and  this  faint  sound  appeared  due  to  the  passage 
of  sound  through  the  air  ducts  in  the  floor.  By  closing  these  the 
room  would  doubtless  have  been  made  *  "sound-proof." 

51.  Sound-Proof  Room  for  Psyciiology  Tests. — Concerning  this 
room,  Dean  C.  E.  Seashore  of  the  State  University  of  Iowa  writes : 
''Our  experience  in  building  the  sound-proof  room  in  psychology 
would  not  be  of  any  great  help  in  the  soundproofing  of  a  music 
building,  since  all  the  precautions  that  we  have  taken  are  such  as  could 
be  taken  for  a  small  cage  room."  The  description*  of  the  room  is 
as  follows : 

"The  construction  of  the  observing  room  deserves  especial  mention.  To  make 
a  dark  room  impervious  to  external  light  is  a  matter  presenting  no  serious 
difficulty.  To  make  a  room  impervious  to  external  sound  or  wholly  free  from 
the  jarring  from  surrounding  rooms  or  adjacent  streets  is  a  problem  which  has 
not  yet  been  solved  and  of  course  never  will  be.  We  made  the  attempt  to  approach 
a  little  nearer  to  this  end  than  has  hitherto  been  done.  The  result  is  a  room  as 
free  from  external  disturbances  as  is  needed  in  any  experiments  in  which  it  is 
necessary  to  control  visual,  auditory  and  tactual  stimuli.  So  far  as  this  has 
been  accomplished,  the  credit  is  largely  due  to  the  architects,  Messrs.  Proudfoot 
and  Bird,  who  worked  out  many  of  the  details  of  ((instruction.  The  position  of 
the  observing  room  is  central,  occupying  a  place  not  otherwise  desirable  from  lack 
of  light.  The  room  rests  on  an  independent  foundation,  having  no  solid  connection 
with  the  rest  of  the  building  either  below,  above,  or  on  the  sides.  The  super- 
structure which  sup] -orts  the  room  rests  upon  a  sand  bed  and  a  second  sand  bed 
at  a  higher  level  still  further  assists  in  eliminating  possible  jarring  or  sound 
which  might  be  communicated  from  the  ground.  The  walls  of  the  room  itself, 
inside  the  main  partitions,  which  separate  the  whole  space  from  the  surrounding 
apartments,  are  made  of  two  four-inch  walls  of  hollow  tiles  separated  by  an  air 
space  and  each  covered  with  a  thick  insulating  material  made  of  sea-weed.  Inside 
of  all,  the  walls  are  plastered  and  then  lined  throughout  with  black  broadcloth. 
The  inside  room  is  divided  into  the  main  observing  room  12  ft.  2  in.  by  12  ft.  7  in., 
and  a  vestibule,  4  ft.  by  12  ft.  7  in.  The  room  is  entered  through  five  doors, 
the  outer  one  being  an  ordinary  oak  door  and  the  other  four  especially  constructed 
tight  fitting  cedar  doors,  covered  with  black  cloth  on  the  sides  and  edges.  The 
doors  close  with  strong  springs  and  are  held  open  by  automatic  catches.  The 
floor  is  made  of  Tennessee  red  cedar  and  covered  with  linoleum  painted  black. 
The   room  is  heated  and   ventilated  by  means  of  hot  air   introduced   not   directly 


*  Studies  in  Psycholoiry,  Vol.  III.   pp.  1:12 -143;    State  Univ.  of  la.,   Bui.,  New  Series,  No. 
May,    1902. 
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but  from  the  attic  through  cedar- shafts  provided  with  overlapping  doth  partitions 
which  admit  the  air  but  help  to  exclude  sound.  For  very  fine  experiments  the 
ventilating  shafl  may  be  closed  and  the  room  ventilated  during  intermissions.  The 
room  may  be  lighted  by  gas  or  electricity,  the  former  being  introduced  through 
rubber  tubes.  The  furnishing  consists  of  black  tables  and  chairs  and  a  telephone 
connected  with  the  measuring  room.  In  the  exclusion  of  sound  and  vibration, 
as  well  as  in  other  respects,  the  room  has  proved  to  be  a  complete  success.  The 
loudest  stentorian  shouting  just  outside  the  doors  is  absolutely   unheard   within." 

52.  .1  Noiseless  Room:— A  noiseless  room  for  sound  experiments 
was  built  in  Utrecht,  Holland.*  Figs.  28  and  29  show  the  complicated 
details.  The  room  was  about  7  ft.  by  7  ft.  by  7  ft.,  and  the  walls  were 
11  in.  thick.    A  person  in  this  room  could  hear  his  heart  heat. 

.1:;.  .1  Group  of  Sound-Proof  Booms. — Norton f  tested  five  small 
rooms  whose  walls  were  specially  constructed  of  different  materials. 
The  tests  were  not  strictly  comparative  because  three  of  the  rooms 
had  one  thin  side  that  vibrated  under  resonance  and  transmitted 
sound  to  adjacent  sides;  also  there  was  some  leakage  of  sound  through 
the  doors  and  ceiling.  Observations  were  taken  by  the  ear.  and 
different  partitions  rated  by  estimation.  The  results  show  that  increas- 
ing the  thickness  of  the  walls  promoted  sound  insulation;  also,  thai 
double  partitions  with  air  space  and  enclosed  sound  absorbing'  ma- 
terials are  more  effective  than  single  partitions. 

54.  Boom  Soundproofed  for  Machim  (inn.  During  the  war  a 
room  about  12  by  14  by  12  ft.  was  designed  to  insulate  the  explosive 
sounds  of  machine  guns  when  these  were  being  tested.  The  room 
occupied  one  corner  of  a  larger  room.  The  walls  of  the  insulating  room 
were  brick  on  two  sides  —  those  of  the  larger  room — and  wood  on  the 
other  two  sides.  Four  inches  of  ground  cork  lined  the  wood  walls, 
being  held  in  place  by  metal  netting  nailed  to  2  in.  by  4  in.  wood 
studding.  A  double  layer  of  flax  boards  lined  the  ceiling.  A  pile 
of  sand  into  which  the  bullets  were  fired  assisted  in  the  absorption 
of  sound.  People  across  the  street  from  the  room  were  unaware  of 
the  machine  gun  operation  until  the  observer  forgot  to  close  the  double 
windows  after  opening  them  to  let  the  powder  smoke  out. 


Franz,    S.    I.       "A    Noiseless    Boom    for   Sound    Experiments."      Sc.    Vol.    26,    pp.   878- 
881,    1907. 

t  .Norton.  C.  L.     "Sound-Proof  Partitions."     Insur.   Eng.,   Vol.    I,   p.    1-1     L902. 
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Fit;.   28.     Vertical  Cross-Section  of  Noiseless  Room 
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Fig.  29.    Details  of  Construction  of  Noiseless  Room 
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Fig.  30.     Sound-Proop  Box  to  Eeduce  Noise  of  Brick  Eattler 


SOUND-PROOF   PARTITIONS  69 

55.  Soundproofing  a  Noisy  Machine. — A  brick  rattling  machine, 
used  by  the  Highway  Engineering  Department  at  the  University  of 
Illinois,  was  extremely  noisy,  so  that  suggestions  for  a  method  of 
minimizing  the  disturbance  were  requested.  The  machine  was  mounted 
on  a  platform  and  enclosed  tirst  in  a  sheet  iron  covering  which  served 
to  prevent  the  escape  of  dust  as  well  as  sound.  (See  Fig.  30.)  A 
larger,  double  walled  wooden  box,  having  the  interspace  filled  with 
saw-dust,  and  being  equipped  with  a  hinged  cover,  was  built  to  give 
further  insulation.  Without  the  covers,  the  machine  is  so  noisy  that 
one  person  cannot  be  heard  by  another  without  shouting  loudly  into 
his  ear.  With  the  covers  on,  the  noise  is  greatly  reduced  and  con- 
versation is  possible.  This  matter  has  its  economic  side,  because,  with 
noisy  machines,  the  hearing  and  therefore  the  efficiency  of  employees 
becomes  affected. 
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XL     Sound-Proof   Buildings 

56.  Tin  Smith  Music  Building.-  An  increasing  number  of  build- 
ings with  soundproofing  features  have  been  constructed  in  the  pasl 

few  years.  P.  R.  Watson,  in  collaboration  with  Architect  -lames  M. 
White,  incorporated  a  number  of  soundproofing  constructions  in  the 
Smith  Memorial  Music  Building  at  the  University  of  Illinois.*  This 
problem  was  more  complex  than  soundproofing  a  single  room.  It 
involved  the  sound  insulation  of  some  fifty  small  practice  rooms,  twelve 
studios,  and  the  larger  concert  hall,  besides  the  acoustic  control  of 
sounds  of  motors,  fans,  and  elevators. 

Since  the  possibility  of  transmission  of  sound  was  greatesl  between 
adjacent  rooms,  each  dividing  wall,  ceiling,  or  floor  was  made  double, 
with  air  space  containing  absorbing  material,  and  was  left  entirely 
unbroken.  All  pipes,  conduits,  ventilator  ducts,  doors,  and  windows 
were  specially  placed  in  outside  or  corridor  walls  where  the  leakage 
of  sound  would  be  less  harmful.  This  systematic  construction  through- 
out the  building  meant  that  a  sound  generated  in  a  room  must  pene- 
trate the  insulation  to  escape.  To  enter  another  room,  it  must  pass 
a  second  time  through  a  special  insulation.  When  traversing  the 
building  structure,  a  sound  would  continually  meet  hindrances  that 
would  either  stop  or  absorb  it. 

Fig.  -'SI  pictures  some  of  the  features  that  were  adopted  to  control 
sound.  The  concrete  floor,  12  in.  thick,  was  broken  in  its  continuity 
by  the  form  planks  that  were  purposely  left  in  place.  Walls 
between  rooms  were  constructed  of  two  3-in.  gypsum  partitions  in- 
sulated at  the  bottom  by  machinery  cork  and  at  the  lop  and  sides  by 
hairfelt.  "Insulite"  was  installed  in  the  air  space  between  the 
gypsum  partitions,  to  absorb  sound  and  also  to  present  a  barrier  in 
case  cracks  developed  in  the  gypsum.  The  finish  floors  were  floated  on 
a  1-in.  layer  of  t\vy  sand  in  order  to  break  the  continuity  of  material 
and  thus  stop  the  progress  oi  vibrations. 


on,   K.   K.     "Sound-Proofing  ,i   Building."     Arch.   For..    Vol.  '■'■'<,   pp.    L78  L82,    Nov. 
L921. 
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Fig.  31.     Detail  of  Floor  and  Partition  Construction* 
in  Sound-Proof  Building 


Experiments  conducted  in  the  building  after  its  completion  show 
that  a  measure  of  success  attended  the  design  and  construction.  Loud 
speaking  and  shouting  in  the  practice  rooms  can  hardly  be  heard  out- 
side. Music,  however,  penetrates  the  insulation  more  easily,  so  that 
sound,  largely  diminished,  may  be  heard  in  adjacent  rooms.  This 
leakage  of  sound,  however,  does  not  appear  of  great  disadvantage. 
Students  use  adjacent  rooms  for  singing  practice,  and  for  piano, 
violin,  and  other  instrumental  drill,  without  serious  disturbance  to 
each  other. 

The  ventilation  system  is  not  as  sound-proof  as  desired,  and 
appears  to  be  the  greatest  drawback  in  the  control  of  sound.  Each 
room  was  equipped  with  a  separate  inlet  and  outlet  duct.  Four  inde- 
pendent ventilating  systems  furnished  air  to  four  groups  of  rooms  in 
order  to  lessen  the  chance  for  transfer  of  sound  from  one  group  to 
others.  The  ventilation  system  is  now  under  investigation  with  a 
view  to  improving  the  insulation. 

The  building  is  not  absolutely  sound-proof  nor  does  this  appear 
necessary  for  practical  purposes.  The  sounds  that  leak  through  the 
insulation  are  greatly  diminished  in  intensity  and  therefore  of  minor 
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importance  compared   with  the  sounds  generated   in   the   room   con- 
la  in i ng  the  observer. 

57.  Other  Buildings  with  Soundproofing. — Music  buildings  with 
soundproofing  features  have  been  erected  at  other  institutions,  and, 
from  the  reports  received,  appear  to  give  satisfaction.  The  construc- 
tions involve  double  walls  with  absorbing  material,  and  more  or  less 
attention  has  been  given  to  the  design  of  the  ventilation. 
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XII.     Conclusions 

58.  Summary  of  Conclusions  and  Recommendations. — The  infor- 
mation in  this  bulletin  was  drawn  from  three  sources ;  the  theory  of 
the  behavior  of  sound  waves,  experimental  investigations  of  the 
effect  of  materials  on  sound,  and  examples  of  sound-proof  installations. 
The  details  of  this  information,  while  drawn  from  different  sources 
and  apparently  unrelated,  coordinate  in  a  satisfactory  way  in  setting 
forth  similar  conclusions. 

Some  of  the  more  general  principles  and  recommendations  are 
stated  in  the  following  paragraphs,  but  the  details  and  comments 
necessary  for  a  more  comprehensive  conception  of  the  problem  of 
soundproofing  are  to  be  found  in  the  descriptions  throughout  the 
bulletin. 

Sound  may  be  transmitted  from  one  side  of  a  partition  to  the 
other  in  three  ways;  it  may  progress  through  continuous  air  passages, 
it  may  pass  as  an  elastic  wave  through  the  solid  structure  of  the 
partition,  or,  by  setting  the  partition  in  vibration,  it  may  originate 
sound  waves  on  the  further  side. 

These  actions  are  quite  readily  understood  by  remembering  that 
sound  consists  of  a  series  of  compressions  and  rarefactions  that  progress 
rapidly  through  a  medium  without  interruption  unless  they  meet 
a  new  medium  with  a  different  elasticity  or  density.  For  instance, 
sound  waves  in  air  proceed  without  hindrance  through  air  passages, 
such  as  ventilation  openings  in  a  partition.  If,  however,  the  passages 
are  small  in  cross-section,  as  in  the  case  of  a  porous  material,  the 
progress  is  hindered  and  a  certain  amount  of  absorption  of  the  energy 
takes  place,  due  to  the  friction  set  up  between  the  vibrating  air  column 
and  the  sides  of  the  pores. 

In  case  the  partition  is  impervious  to  air,  the  direct  progress  of 
the  waves  is  interrupted.  A  thin  partition  is  set  in  vibration  and 
thus  orginates  new  waves  on  the  side  opposite  the  incident  sound. 
For  a  thicker,  more  rigid  partition,  the  vibrations  are  smaller  and  a 
very  considerable  part  of  the  energy  is  reflected.  The  transmission  in 
this  case  takes  place  by  compressional  waves  communicated  to  the 
solid  material  of  the  partition.  The  amount  of  energy  thus  trans- 
mitted is  usually  quite  small. 
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In  view  of  these  considerations  a  sound-proof  partition  should 
be  as  rigid  and  free  from  air  passages  as  possible.  For  effective  sound- 
proofing nf  ;i  group  of  rooms,  the  partitions,  floors,  and  ceilings 
between  adjacenl  rooms  should  be  made  continuous  and  rigid.  Any 
necessary  openings  for  pipes,  ventilators,  doors,  and  windows  should  be 
placed  in  outside  or  corridor  walls  where  a  leakage  of  sound  will  be 
less  objed  ionable. 

In  ease  the  sound  is  generated  in  the  building  structure,  as  The 
vibrations  set  up  by  a  motor  fastened  to  the  floor,  the  compressionaJ 
waves  proceed  through  flu1  continuity  id'  solid  materials.  In  order  to 
stop  them,  il  is  necessary  to  make  a  break  in  the  structure  so  as  to 
interpose  a  new  medium  differing  in  elasticity  and  density.  For 
instance,  the  vibrations  of  a  motor  may  he  minimized  by  placing  a 
layer  of  hairfelt.  or  similar  air-filled  material,  between  the  supporting 
hase  and  the  floor.  Where  the  machine  is  quite  heavy,  footings  may 
he  made  of  alternate  layers  of  ashestos.  lead,  and  leal  her.  Bolting 
through  this  material  will  reduce  the  insulation,  because  the  vibrations 
in  this  case  will  pass  easily  through  the  holts  to  the  floor.  The 
insulation  should  thus  he  left  without  any  bridging  over  of  the  dis- 
continuities. Aii-  gaps  in  masonry  will  he  effective  if  the  air  space 
is  noi  bridged  over  at  any  point.  A  floor  floated  on  sand,  sawdust,  or 
hairfelt  would  approximate  this  condition.  The  edges  of  the  floor 
should  he  insulated  from  the  walls  by  felt  or  similar  material. 

Especial  attention  should  he  paid  to  the  ventilation  system.  All 
effective  sound-proof  constructions  either  omit  entirely  a  ventilation 
system  or  else  construet  it  in  some  special  manner  t<»  avoid  trans- 
mission of  sound.  In  some  buildings  air  is  supplied  and  withdrawn 
from  rooms  by  individual  pipes  thai  are  small  in  diameter  and  extend 
without  break  from  the  aii-  supply  chamber  to  the  rooms.  This  results 
in  considerable  friction  between  the  walls  of  the  pipes  and  the  air. 
wilh  a  resultant  weakening  of  the  sound  waves.  Without  some  efficienl 
control  of  the  transference  of  sound  through  the  ventilation  system 
it  is  a  waste  of  effort  to  construct  sound-proof  walls,  double  doors, 
and  other  contrivances  for  insulation. 

When  soundproofing  a  building  all  details  should  he  considered 
with  respect  to  the  likelihood  of  transmission  of  sound.  Each  room. 
as  far  as  possible,  should  he  made  an  insulated  unit  by  means  of  air 
spaces  or  air-filled  materials  that  separate  it  from  surrounding  walls. 
Pipes  and  ventilators  should  he  so  installed  as  to  minimize  the  chance 
of  transfer  of  sound.      I'aleul    doors  are   now   available  thai    will  elose 
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the  door  space  at  top,  sides,  and  bottom.  In  case  a  troublesome  sound 
is  generated  in  the  room,  it  may  be  minimized  by  installing"  absorbing 
material  on  the  walls. 

The  absorption  of  sound  is  an  essential  feature  for  sound- 
proofing. Reflecting  sound  and  scattering  it  still  leaves  it  with  energy. 
It  must  be  absorbed;  that  is,  converted  into  heat  energy  by  friction, 
before  it  is  eliminated  as  sound.  This  means  that  carpets,  furniture, 
draperies,  etc.  should  be  present,  or  if  greater  absorption  is  desired, 
hairfelt  or  similar  materials  must  be  installed. 

The  insulation  of  sound  is  a  complex  problem  and  a  successful 
solution  is  obtained  only  when  all  the  possibilities  of  transfer  of  sound 
are  anticipated  and  guarded  against.  While  many  things  may  be 
Learned  from  further  experience  and  much  may  be  gained  from  addi- 
tional theory,  enough  has  been  revealed  to  give  encouragement  to  the 
belief  that  soundproofing  may  be  prescribed  in  the  future  with  some 
of  the  certainty  that  now  attends  the  acoustic  design  of  auditoriums. 
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THE    IGNITION    TEMPERATURE    OF    COAL 


I.     Introduction 

1.  Outline  of  Work. — There  is  no  definite  temperature  at  which 
coal  bursts  into  flame.  The  phenomenon  of  flame  from  coal  is  due  to 
the  combustion  of  volatile  matter  driven  off  from  the  coal,  the  char- 
acter of  such  matter  varying  under  different  conditions ;  hence,'  the 
temperature  at  which  the  coal  flames  varies  widely  and  is  dependent 
upon  surrounding  conditions,  and  therefore  the  flaming  temperature 
of  a  coal  does  not  serve  as  an  indication  of  the  ignition  point.  Strictly 
speaking,  it  is  the  true  ignition  point,  but  since  it  varies  so  widely  its 
evaluation  is  meaningless.  Moreover,  any  definition  of  ignition  tem- 
perature based  on  the  spontaneous  emission  of  heat  from  coal  is 
equally  unsatisfactory,  because  experiments  have  proved  that  coal 
is  giving  off  heat  of  combustion  or  some  phenomenon  akin  to  com- 
bustion at  all  temperatures.  To  be  sure,  the  combustion  at  low  tem- 
peratures is  slow,  but  it  is  nevertheless  evident.  As  the  coal  is  raised 
in  temperature  by  an  outside  source  of  heat  it  produces  more  and 
more  heat  from  its  own  combustion,  but  there  is  no  point  in  this  process 
where  the  change  in  rate  of  heating  is  sufficiently  abrupt  to  be 
regarded  as  indicating  a  definite  ignition  temperature. 

The  first  purpose  of  this  investigation,  therefore,  was  to  establish 
some  definite  point  along  the  line  of  this  process  of  heating  which 
could  be  called  the  ignition  temperature.  In  the  effort  to  locate  such 
a  temperature  heating  curves  were  drawn  to  show  the  rate  at  which 
the  coal  increased  in  temperature  when  assisted  by  an  outside  source 
of  heat.  After  a  study  of  these  curves  the  point  at  which  the  coal 
assumed  a  uniform  glow  was  chosen  as  the  most  logical  ignition  tem- 
perature, not  only  because  this  point  was  found  to  be  rather  definite 
in  the  heating  curve,  but  also  because  it  could  be  checked  in  various 
types  of  apparatus  by  different  means  of  temperature  measuremcui 
and  control,  and  by  different  operators. 

With  this  glow  point  chosen  as  the  ignition  temperature  the 
method   for   the    determination    became   comparatively    simple.      The 
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sample  of  coal  was  heated  gradually  in  a  normal  air  supply  until  the 
glow  appeared,  the  temperature  of  the  coal  itself  being  measured  by 
means  of  a  thermocouple.  The  furnace  was  shielded  from  air  cur- 
rents, but  sufficient  opening  was  left  in  the  shields  to  provide  an 
adequate  air  supply  for  the  combustion  of  the  coal.  This  appar- 
ently crude  method  is  open  to  many  objections,  but  it  is  surpris- 
ing how  closely  the  results  can  be  made  to  check.  Out  of  thirty 
runs  by  this  method  on  the  same  coal,  twenty-four  agreed  within  ten 
degrees. 

The  accuracy  of  the  method  was  next  tested  by  experiment  on 
several  representative  coals.  Among  the  samples  tried  were  bituminous 
coal,  coke,  anthracite,  and  lignite.  The  values  for  the  glow  points  of 
these  coals  are  shown  in  the  following  table: 


Table  1 
Values  of  Glow  Points  for  Different  Coals 


Kind  of  Coal 

District 

(  ;ln\\    I'ciint 

Bennett  Station,  111 

Castle  Gate,  Utah 

Deg.  C. 
456 
496 
440 
526 
528 
600 
606 

Deg.  F. 
853 

'J.':, 

824 

979 

982 

llll* 

Coko    . 

1123 

2.  Influence  of  Various  Factors  on  Ignition.— Finally  an  attempt 
was  made  to  determine  the  influence  of  various  factors  such  as  ash. 
moisture,  sulphur,  size  of  particles,  air  supply,  etc.,  upon  the  tem- 
perature of  ignition.  The  results  of  this  work  may  be  briefly  sum- 
marized as  follows : 


Ash 

The  amount  of  ash  present  in  the  coal  has  no  apparent  inrhieuce 
on  the  temperature  of  the  glow  point.  The  ash  influences  the  distri- 
bution of  heat  throughout  a  mass  of  coal  and  may  ehange  the  time 
required  to  bring  the  coal  up  to  a  definite  temperature,  but,  the  proper 
temperature  once  reached,  the  coal  will  glow  no  matter  what  tin'  ash 
content  may  be. 
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Moisture 
Moisture  has  a  great  deal  to  do  with  the  rate  at  which  the  coal 
is  heated  up  to  the  point  where  it  will  burn,  consequently  with  the 
shape  of  the  heating  curve ;  but,  as  the  moisture  is  driven  off  before 
the  glow  point  is  approached,  the  actual  temperature  of  the  glow 
point  can  in  nowise  be  affected  by  the  quantity  of  moisture  present. 

Size  of  Particles 
The  glow  point  for  all  sizes  of  coal  is  the  same,  but  in  the  process 
of  determining  this  fact  some  difficulty  was  experienced  in  observing 
the  glow  points  on  the  fine  sizes.  The  air  passages  through  finer  mesh 
coal  are  so  confined  that  the  interior  of  such  coal  is  not  reached  by 
the  air.  Furthermore,  as  its  temperature  rises,  a  pile  of  fine  coal 
begins  to  cake  on  the  surface,  forming  a  crust  that  interferes  still  more 
with  the  passage  of  air  to  the  interior.  This  made  it  rather  difficult 
to  determine  the  glow  point  of  fine  coal,  but  the  results  obtained  indi- 
cate that  there  is  no  difference  between  its  glow  point  and  that  of 
coarser  sizes. 

Quantity  of  Air 
Glowing  of  coal  is  a  form  of  combustion  which  requires  oxygen, 
but  the  actual  temperature  of  the  glow  point  is  independent  of  the 
quantity  of  oxygen  supplied.  Obviously,  if  the  coal  were  heated  in 
an  atmosphere  devoid  of  oxygen  it  would  not  glow  at  all,  but  would 
undergo  destructive  distillation.  On  the  other  hand,  if  an  atmos- 
phere of  pure  oxygen  were  supplied,  the  rapidity  of  the  combustion 
would  be  increased  but  the  temperature  of  the  glow  point  itself  would 
not  be  altered. 

Sulphur 
Separate  runs  were  made  on  pure  pyrite  in  the  effort  to  determine 
its  ignition  temperature,  which  was  found  to  depend  much  on  its  rate 
of  heating.  If  heated  very  slowly  practically  all  the  sulphur  can  be 
driven  off  in  the  form  of  S02  without  producing  any  visible  flame. 
If  the  rate  of  heating  is  increased,  a  blue  flame  appears  at  a  com- 
paratively low  temperature.  Unquestionably,  therefore,  the  com- 
bustion of  sulphur  adds  to  the  mass  of  coal  a  heat  which  slightly 
increases  the  tendency  of  this  coal  to  fire,  but,  as  the  heat  of 
combustion  of  sulphur  and  the  percentage  of  pyritic  sulphur  present 
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are  comparatively  low,  the  total  effect  of  sulphur  on  the  tendency  of 
coal  to  fire  is  relatively  small.*  The  experiments  appeared  to 
indicate  that  the  presence  of  pyrite  does  not  alter  the  glow  point  of 
the  coal  substance  itself,  but  that  its  only  effect  is  to  add  its  heat  of 
combustion  to  that  of  the  coal. 

Rate  of  Heating 

Coal  has  a  comparatively  low  heat  conductivity,  so  that,  in  order  to 
insure  a  uniform  distribution  of  the  heat  throughout  the  sample, 
external  heat  must  be  applied  slowly.  If  the  sample  is  heated  too 
rapidly  it  will  burst  into  flame  before  the  glow  point  is  reached,  due 
to  the  ignition  at  the  edge  of  the  pile  of  small  pieces  of  coal  which  are 
at  a  higher  temperature  than  the  average  of  the  pile  itself.  The 
best  results  in  the  present  experiments  were  obtained  when  the  sample 
was  heated  up  to  the  glow  point  in  about  twenty  minutes'  time. 

Volatile  Products 

The  ignition  points  of  the  various  gases  volatilized  from  coal 
(lining  distillation  are  fairly  well  known.  In  all  cases  the  ignition 
points  of  these  gases  are  higher  than  the  glow  point  of  the  coal,  so 
that  no  flame  should  be  observed  before  the  glow  point  is  reached. 
However,  if  even  a  very  small  particle  of  coal  is  heated  above  the 
ignition  temperature  of  any  of  the  gases,  a  flame  will  result.  Thus, 
in  order  to  successfully  determine  the  temperature  of  the  glow  point, 
if  is  first  accessary  to  drive  off  most  of  the  volatile  products. 

Residual  Carbon 
If  is  a  well-known  fact  that  various  forms  of  carbon  differ  in 
the  ease  with  which  they  may  be  ignited.  Beyond  a  doubt  the  char- 
acter of  the  carbon  or  coke  resulting  from  the  partial  distillation  of 
the  coal  has  more  to  do  with  the  temperature  of  the  glow  point  than 
any  other  single  factor.  The  exact  reason  for  this  was  not  determined, 
nor  was  any  attempt  made  to  differentiate  the  forms  of  carbon  or  coke 
resulting  from  various  coals  tested.  Furthermore,  when  a  coal  starts 
to  glow  it  is  not  yet  completely  coked.  Samples  of  coal  quenched 
at  the  glow  point  show  that  the  individual  particles  have  lost  their 
angular  shape  and  are  only  partly  cemented  together. 


"The  Spontaneous  Combustion  of  Coal."     CTniv.  of    111.   Bng.  Exp.  Sta.,    Bui.   4<>.    1910, 
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II.     Ignition  Temperature 

4.  General  Significance. — Under  ordinary  conditions  the  ignition 
temperature  of  a  fuel  is  less  important  than  the  maintenance  of  com- 
bustion. No  matter  how  large  the  mass  of  fuel  may  be,  whether  it  is 
in  a  blast  furnace,  under  a  boiler,  or  in  an  ordinary  household  furnace, 
the  origin  of  the  heat  necessary  to  raise  this  fuel  to  the  ignition  tem- 
perature is  in  the  kindling  which  starts  the  fire.  The  flame  of  the 
match  which  ignites  the  kindling  is  at  a  much  higher  temperature 
than  the  ignition  point  of  the  coal;  hence,  the  starting  of  an  ordinary 
fire  is  a  process  depending  upon  the  application  of  an  outside  source 
of  heat,  always  at  high  temperature,  to  some  portion  of  the  mass  of 
coal  until  a  part  of  the  coal  itself  burns  and  propagates  heat  to 
the  remainder.  At  some  time  during  this  process  the  outside  source 
of  heat  may  be  removed  as,  for  example,  when  the  kindling  is  com- 
pletely burned.  At  all  times  during  this  process  there  is  a  zone  of 
heat  production  at  a  temperature  well  above  the  ignition  point. 
Whether  this  source  of  outside  heat  is  in  the  form  of  kindling  or  in 
a  form  similar  to  the  heat  in  the  walls  of  a  coke  oven,  it  is  only 
necessary  to  supply  the  heat  until  a  certain  part  of  the  coal  is  burning 
and  raising  the  temperature  of  the  rest  of  the  mass  by  its  own 
combustion. 

It  is  possible  that  the  ignition  temperatutre  of  fuel  might  assume 
a  greater  significance  than  this  in  connect  ion  with  problems  involving 
burning  of  pulverized  coal.  For  example  in  the  cement  industry, 
where  pulverized  eoal  is  used  largely  for  heating  the  kilns,  trouble 
is  sometimes  experienced  when  the  supply  of  coal  is  temporarily  cut 
off  and  the  kiln  allowed  to  cool.  In  resuming  the  supplying  of  coal 
to  the  cooled  kiln,  an  explosive  atmosphere,  apt  to  cause  damage, 
is  sometimes  produced.  It  is  suggested  that  this  may  be  prevented 
by  supplying  temporarily  a  fuel  with  a  lower  ignition  temperature. 

It  is,  however,  in  connection  with  the  storing  of  coal  in  piles  that 
the  ignition  temperature  takes  on  a  real  significance.  According  to  Pro- 
fessor S.  W.  Parr*  and  others,  coal  is  actually  burning  at  all  times  and 


*  "The  Spontaneous  Combustion  of  Coal."      CJniv.  of   III.  Eng.   Exp.  Sta  .   Bui.  46,   p.  50, 
1910. 
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even  at  low  temperatures.  If  the  heat  thus  produced  is  sufficiently 
confined  and  air  is  supplied  to  the  coal  at  the  proper  rate,  the  tem- 
perature of  the  interior  of  the  mass  will  rise.  As  the  temperature  rises 
the  rate  of  combustion  also  rises,  and,  after  a  certain  safe  temperature 
is  passed,  the  process  goes  on  quite  rapidly  until  burning  or  flame 
results. 

One  of  the  original  objects  of  this  investigation  was  to  determine 
the  influence  of  the  temperature  of  ignition  of  the  various  coals  upon 
their  liability  to  fire  while  in  storage.  At  first  thought  it  would  seem 
that  the  ignition  point  would  have  a  very  important  bearing  on  the 
tendency  to  fire.  As  a  matter  of  fact,  however,  the  glow  points 
determined,  with  a  few  notable  exceptions,  bear  no  relation  to  the 
liability  to  fire.  The  same  is  true  if  some  point  on  the  heating  curve 
other  than  the  glow  point  is  assumed  to  be  the  temperature  of  ignition. 
For  example,  the  point  at  which  the  coal  burns  with  a  blue  flame 
is  a  rather  definite  point  which  shows  some  variation  with  different 
coals ;  but  even  this  variation  bears  no  relation  to  the  liability  of  the 
coal  to  fire. 

However,  these  results  are  not  in  any  sense  conclusive,  since 
several  factors  known  to  affect  the  firing  qualities  were  not  con- 
sidered. For  example,  Wheeler  has  found*  that  the  relative  ignition 
temperature  of  coal  depends  upon  the  total  oxygen  content.  Fur- 
thermore, experience  shows  that  after  coal  has  been  stored  for  a 
certain  time  it  becomes  more  or  less  immune  from  firing.  Neither 
the  oxygen  content  of  the  coal  nor  the  time  elapsed  since  it  was 
mined  was  considered  in  the  present  experiments. 

The  temperature  at  which  coal  bursts  into  a  yellow  flame  depends 
so  much  upon  the  rate  of  heating  and  other  conditions,  and  varies  so 
widely,  that  it  is  impossible  to  establish  any  quantitative  relationship 
between  it  and  the  firing  qualities  of  the  coal. 

The  rate  of  heating  or  the  shape  of  the  heating  curve  of  various 
coals  differs  widely,  and  this  rate  is  far  more  important  than  any 
temperature  which  may  be  chosen  as  the  ignition  temperature.  The 
shape  of  this  heating  curve  is  influenced  by  the  volatile  matter 
present,  percentage  of  ash,  moisture,  sulphur,  and  oxygen,  the  air 
supply,  the  form  of  carbon  in  the  partially  coked  residue,  the  size  of 
the  sample,  and,  perhaps,  by  other  factors. 

*  See  Table   7. 
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5.  D.iscussion  of  Ignition  Temperature.-  In  order  to  arrive  at 
any  satisfactory  conclusion  regarding  the  ignition  point,  some  idea 
must  first  be  obtained  as  to  how  "ignition  temperature"  may  be 
defined. 

At  first  thought  it  would  seem  that  ignition  point  is  t lie  tem- 
perature at  which  self-heating  begins  and  is  maintained,  but  this. 
mi  ihe  ease  of  coal,  seems  to  be  a  very  indefinite  point. 

In  the  words  of  Wheeler  :* 

"If  one  adopts  the  generally  accepted  definition  of  Ignition  Temperature  as 
applied  to  gaseous  mixtures,  (that  is,  the  temperature  at  which  self-heating  of 
the  mixture  begins  to  take  place  )  the  ignition  temperature  of  mosl  coals  is  the 
normal   atmospheric   temperature. 

' '  A  distinction  between  one  coal  and  another  could,  no  doubt,  be  made 
by  determining  the  time  taken  for  this  self -heating  from  atmospheric  temperature 
to  result  in  flame  under  standard  conditions. 

"It  may  also  be  of  value  to  know  at  what  temperature  a  given  coal  must 
be  heated  in  air,  under  specific  conditions,  in  order  that  it  sliall  burst  into  flame, 
and  this  temperature  may,  perhaps,  be  regarded  as  the  'ignition  temperature,' 
tlif  preliminary  self-heating  (corresponding  with  the  'fire-flame  period3  with 
gases)  being  ignored.  Experimental  difficulties,  however,  stand  in  the  way,  both 
of  determining  accurately  the  moment  when  flame  appears  in  a  mass  of  coal, 
and  of  ensuring  that  in  a  comparative  test  with  different  coals  all  the  factors, 
on  which  the  appearance  of  flame  depends,  are  maintained  constant. 

''From  a  practical,  as  well  as  a  theoretical  point  of  view,  it  is  sufficient 
to  know  at  what  temperature,  under  standard  conditions,  different  coals  begin 
to  react  with  oxygen  so  rapidly  that  the  ultimate  appearance  of  Same  is 
assured. ' ' 

Again  J.  F.  Cosgrovet  states  that  the  ignition  temperature  of 
coal  "is,  of  course,  the  temperature  of  ignition  for  the  fixed  carbon 
of  the  coal,  because  the  gases  are  roasted  oul  of  the  coal  before  the 
coke  burns. ' ' 

J.  S.  S.  Brame  in  his  book  on  "Fuels"  discusses  the  matter  as 
follows : 

"For  active  combustion  to  be  initiated,  a  definite  temperature,  at  least, 
must  be  maintained.     The  ignition  point  of  all  substances  occurs  no  doubt  at  a 


*  "The  Oxidation   and   Ignition   of   Coal."     Jour.  Chem.   Soc,   Vol.   113,   p.   949,    1918, 
t  "Coal,   Its   Economical  and  Smokeless  Combustion. " 
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fixed  temperature,  but  many  conditions  influence  the  ease  with  which  the  com- 
bustion may  be  started,  mass  and  fineness  of  division  being  the  most  important. 
While  a  given  coal,  in  a  finely  divided  condition,  may  ignite  at  a  low  temperature, 
a  lump  of  the  same  coal  will  require  considerable  heating  before  it  will  take  fire, 
due  to  the  smaller  surface  exposed  to  the  air  in  proportion  to  the  mass,  which 
carries  away  the  heat." 

F.  H.  Sinuatt  and  Burrows  Moore*  give  the  following  definition  : 
''Temperature  of  ignition  in  oxygen  is  denned  as  that  temperature  to 
which  fuel  must  be  raised  for  its  ignition  to  take  place  without  the 
aid  of  external  agents  of  inflammation."  In  this  definition,  as  in 
some  of  the  others,  the  temperature  to  which  the  coal  is  heated  is  used 
as  the  ignition  point,  but  no  account  is  taken  of  the  heat  due  to  the 
coal  itself  burning.  In  the  experiments  carried  on  by  Sinnatt  and 
Moore  the  time  required  to  heat  the  samples  of  coal  to  glowing,  flaming, 
and  exploding  temperatures  was  recorded,  but  in  all  cases  these  tem- 
peratures applied  to  the  external  source  of  heat  and  not  to  the 
temperature  of  the  coal  itself.  As  a  matter  of  fact,  if  the  coal  is 
heated  to  a  certain  temperature  it  will  carry  on  oxidation  and  com- 
bustion at  an  increased  rate  without  any  visible  sign  of  such  combus- 
tion, such  as  glowing  or  flaming.  The  temperature  to  which  coal  must 
be  raised  in  order  that  it  may  carry  on  its  own  increase  in  temperature 
up  to  the  ignition  point  is  generally  considered  to  be  the  ignition 
temperature. 

6.  Various  Suggested  Ignition  Temperatures. — In  the  small 
amount  of  experimental  work  and  printed  discussion  on  ignition  tem- 
perature of  coal,  several  distinct  points  have  been  mentioned  as 
possible  criteria  for  comparing  various  coals. 

(1)  The  temperature  at  which  self-heating  begins. 

(2)  The  temperature  to  which  coal  must  be  raised  in  order 

that  it  may  unite  with  oxygen  and  burn. 

(3)  The  temperature    (zone)    at   which    rapid   self-heating 
begins. 

(4)  The  temperature  to  which  coal  must  be  raised  in  order 
that  it  may  maintain  its  own  combustion. 


*  Jour.    Soc.   Chem.   Intl..   Vol.    39,   pp.    72-78,   March   31,    1920. 
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(5)  Definitions  on  a  time  basis,  such  as  the  time  required 
for  a  given  external  temperature  to  ignite  the  coal  or  cause  it 
to  glow. 

(6)  The  temperature  of  the  glow  point. 

(7)  The  blue  flame  temperature. 

(8)  The  crossing  point  of  the  outside  heat,  coal-heat  curves. 
(Wheeler.) 

The  following  objections  may  be  raised  to  all  of  these  methods  of 
defining  the  ignition  temperature. 

(1)  The  temperature  at  which  self-heating  begins  is  actu- 
ally atmospheric  temperature,  since  coal  is  combining  with  oxygen 
even  at  low  temperatures  and  producing  small  amounts  of  heat. 

(2)  A  definition  referring  to  the  temperature  at  which  coal 
will  unite  with  oxygen  and  burn  in  reality  defines  the  flaming 
temperature,  as  flaming  is  the  usual  visible  evidence  of  com- 
bustion. The  flaming  of  a  coal,  however,  depends  upon  the 
character  of  the  volatile  matter  driven  off.  which  varies  with  the 
conditions  of  the  heating.  The  flaming  temperature,  therefore, 
is  very  uncertain. 

(3)  The  heating  curves  of  all  coals  show  an  abrupt  rise  in 
the  neighborhood  of  200  deg.  C;  but  there  is  no  definite  tempera- 
ture during  this  change  which  may  be  assumed  as  the  point  where 
rapid  self-heating  begins.  Hence  this  zone  must  be  noted  by  its 
upper  and  lower  limits  or  by  its  average  temperature,  either  one 
of  which  would  be  rather  indefinite. 

(4)  The  temperature  to  which  coal  must  be  raised  in  order 
that  it  may  sustain  its  own  combustion  without  outside  heat  is 
one  of  the  most  logical  points  which  could  be  chosen  as  an 
ignition  temperature.  However,  as  has  already  been  pointed  out, 
this  temperature  depends  much  on  the  size  of  the  particles  and  on 
the  air  supply.  In  addition  to  the  necessity  of  providing  different 
values  for  different  sizes  of  coal,  there  would  probably  be  grave 
experimental  difficulties  in  measuring  the  exact  temperature  at 
which  combustion  of  the  coal  would  be  self  supporting. 

(5)  Any  definition  based  on  time  would  not  be  a  true 
definition  but  would  simply  serve  as  a  criterion  for  comparing 
various  coals. 
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(6)  The  glow  points  were  found  to  be  much  easier  to  check 
with  a  fair  degree  of  precision  than  was  at  first  expected.  As 
they  are  independent  of  variables  such  as  heating  rate  they  may 
be  measured  in  various  kinds  of  furnaces  with  the  assurance  that 
the  results  obtained  will  check  any  other  operator's  figures  on 
the  same  coal.  On  the  other  hand  the  principal  objection  to  the 
glow  point  as  a  definition  lies  in  the  fact  that,  before  it  is  reached, 
a  large  portion  of  the  volatile  combustible  matter  has  been  driven 
off:  and  some  of  this  matter  driven  off  at  the  very  lowest  tem- 
peratures may  have  an  ignition  temperature  lower  than  the  glow 
point.  In  the  experience  of  all  investigators  on  the  subject 
of  ignition  point,  however,  the  semi-coked  residue  has  been  found 
to  have  a  lower  ignition  temperature  than  any  of  the  evolved 
gases.  The  temperatures  of  ignition  of  such  gases  as  CH4,  CO,  etc., 
which  are  known  to  be  given  off  by  coal  at  low  temperatures,  are 
all  higher  than  the  glow  points  observed.  True,  it  was  found  that 
the  glow  point  bore  practically  no  relation  to  the  liability  to  fire 
while  in  storage,  but  this  corresponds  with  the  experience  of 
Winmil  and  Graham,*  who  state  that  the  most  inflammable  coal 
is  not  necessarily  the  most  liable  to  spontaneous  combustion. 

(7)  If  after  all  the  volatile  matter  has  been  driven  off  from 
a  coal,  the  residue  is  brought  up  to  a  sufficiently  high  temperature 
it  will  flame  with  a  non-luminous  flame.  Athough  this  matter  has 
not  been  investigated  thoroughly  it  is  probable  that  coals  differ 
very  slightly  in  the  temperature  at  which  this  blue  flame  will 
appear.  This  is  asserted  in  view  of  the  fact  that,  in  order  to 
obtain  the  blue  flame,  practically  all  the  volatile  matter  must  be 
driven  off  previously. 

(8)  Wheeler  has  shown  that  the  crossing  point  of  the  outside 
heat  curve  and  the  coal  heating  curve  as  a  relative  ignition 
temperature  can  be  easily  checked  in  his  type  of  apparatus. t  The 
objection  to  any  methods  of  this  kind,  however,  is  that  the  results 
cannot  be  duplicated  except  in  identical  apparatus  and  perhaps 
by  the  same  observer.  Furthermore  this  "relative  temperature" 
marks  no  definite  event  in  the  heating  process.     It  occurs  some- 


*  I.   &  C.  Tr.   Rev.,   Vol.   89,  p.   336. 

t  See  page  35  for  a  description  of  Wheeler's  work. 
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time  after  the  coal  has  begun  to  heat  rapidly  enough  1o  cause  the 
curve  to  cross  the  furnace  curve  but  it  does  qo1  mark  the  beginning 
of  this  rapid  rise. 

7.  'Explanation. — It  is  highly  probable  that  the  ultimate  expla- 
nation of  ease  of  firing,  temperature  of  the  glow  point,  or  ignition 
temperature,  however  it  is  denned,  must  be  sought  in  the  chemical 
composition  of  the  volatile  products  and  the  semi-coked  residue. 
Brame  in  "Fuels"  states:  "Generally  the  proportion  of  hydrogen 
present  is  the  determining  factor  in  ignition  point  of  fuel,  this  being 
well  illustrated  in  the  case  of  charcoal,  which,  if  carbonized  below  a 
visible  red  heat,  ignites  at  427  cleg.  C,  while  if  carbonized  at  a  bright 
red  heat,  900  deg.  C,  it  ignites  at  approximately  537  deg.  C." 

In  Wheeler's  opinion  adsorbed  oxygen  is  the  determining  factor. 
Having  made  various  tests  on  coal  of  different  total  oxygen  per- 
centages, he  states  that  the  relative  ignition  temperatures  decrease 
;is  the  oxygen  content  increases,  but  that  no  relationship  exists  between 
ignition  temperature  and  other  analytical  data.  Wheeler  also  makes 
the  statement  that  the  oxygen  content  given  in  his  figures  must  be 
regarded  as  that  of  the  saturated  coals,  because  the  treatment  to  whicli 
they  had  been  subjected  involved  exposure.  He  also  shows  that  a 
coal  which  takes  up  a  large  amount  of  oxygen  shows  self -heat  at  a 
lower  temperature  than  low  oxygen  coals.  He  says,  "The  term 
self-heat  may  be  seen  to  have  its  true  significance  so  far  as  the  highly 
oxygenated  saturated  coal  is  concerned  if  one  considers  that  the 
loosely  combined  oxygen  may,  at  a  higher  temperature,  desire  a  more 
permanent  attachment.  If  a  reaction  of  the  kind  does  take  place. 
evolution  of  heat  should  be  observed  on  a  saturated  sample  if  heated 
In  an  atmosphere  of  nitrogen." 

Professor  Parr  suggests,  in  personal  communication,  that  it 
is  probable  that  oxygen  adsorbed  after  the  eoal  is  mined  has  an 
important  bearing  on  the  glow  point  and  the  tiring  qualities  of  the 
eoal.  In  his  opinion,  also,  the  nature  of  the  gases  given  off  just 
previous  to  the  glow  point  will  have  an  important  bearing  on  the 
temperature  of  the  glow,  and  these  gases  will  probably  show  some 
alteration  after  the  coal  has  been  stored  for  some  time.  He  therefore 
suggests  that  one  series  of  experiments  be  undertaken  to  determine 
the   chemical    composition    of  sueh    gases   and    the   effect  of  storage 
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upon  the  glow  point;  and  another  to  compare  the  glow  points  of 
freshly  mined  samples  with  those  of  samples  saturated  with  oxygen. 
Hollings  and  Cobb*  obtained  heating  curves  which  show  a  marked 
exothermic  reaction  in  nitrogen  between  150  deg.  and  250  deg.  It  is 
significant  that  the  range  150  to  '250,  over  which  exothermic  reactions 
in  an  inert  atmosphere  are  manifest,  should  correspond  so  closely 
with  the  range  over  which  rapid  self -heating  occurs  in  a  stream  of 
air. 


Jour.  Chem.  Soc,  Vol.  107,  \>.    1J09,  1915. 


20 


[LLINOIS    ENGINEERING    EXPERIMENT    STATION 


III.     Description  of  Methods  Used  by  Others 

8.  Method  of  Sinnatt  and  Moore. — Pig.  1  shows  t he  apparatus 
used  by  K.  S.  Sinnatt  and  Burrows  .Moore  for  the  determination  of 
the  relative  temperatures  of  spontaneous  ignition  of  solid  fuels. 


N/frogfQ 


Oxygen 


Car/Si/  for 
Tf?&r/770/7?eA?/- 


Fig.  1. 


Ajpparati  s  Used  i:\-  Sixxatt  and  Moore  for  Determining 
Ignition  Temperature 


The  apparatus  consists  of  a  heavy  cast  iron  vessel  in  which  an 
enclosed  nickel  crucible  may  be  raised  to  any  desired  temperature. 
The  whole  apparatus  is  enclosed  in  an  asbestos  lined  box  to  eliminate 
the  influence  of  drafts.  Before  entering  the  combustion  chamber  the 
oxygen  or  other  gas  traverses  the  U  shaped  tube  bored  into  the  casting. 
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The  length  of  this  pre-heating  tube  is  sufficient  to  raise  the  temperature 
of  the  oxygen  to  that  of  the  casting  before  it  comes  into  the  com- 
bustion chamber.  A  thermometer  is  placed  in  a  cylindrical  chamber 
arranged  so  that  the  mercury  bulb  is  immediately  below  the  com- 
bustion chamber.  The  casting  is  deeply  grooved  at  the  bottom  in 
order  to  increase  the  surface  exposed  to  the  rlame  of  a  large  bunsen 
burner  which  is  used  as  a  source  of  heat.  The  oxygen  is  dried  by 
passing  it  through  concentrated  sulphuric  acid.  In  certain  experi- 
ments nitrogen  was  used  to  sweep  out  the  crucible  and  a  three-way 
tap  was  attached  to  the  ignition  meter  so  that  nitrogen  or  oxygen  can 
he  passed  into  the  combustion  chamber  as  required. 

Pulverized  fuel  was  used  in  all  these  experiments  and  in  each 
case  a  measured  amount  was  dropped  into  the  nickel  crucible  by 
means  of  a  dropper  made  of  glass  tubing. 

After  the  introduction  of  the  sample  a  time  record  was  kept  of 
the  following  phenomena  :  first,  commencement  of  visible  active  com- 
bustion, glowing  of  the  mass;  second,  ignition  as  manifested  by  an 
explosion  or  production  of  name;  and  third,  extinction  of  the  visible 
combustion.  The  special  points  noted  were  the  time  interval  before 
visible  combustion  or  glow  occurred  and  the  time  interval  before 
explosive  or  inflammatory  ignition  occurred.  The  progress  of  the 
combustion  was  watched  through  a  central  hole  in  the  lid  and  the 
residue  after  visible  combustion  had  ceased  was  examined  preparatory 
to  the  introduction  of  a  fresh  charge.  Tests  were  made  on  the  same 
coal  under  various  temperature  conditions  in  the  apparatus,  and  Tables 
2  and  3  show  some  representative  results  obtained  by  these  experi- 
ments. 

The  investigators,  Sinnatt  and  .Moore,  make  the  following  remarks 
regarding  some  of  the  coals  : 

"In  the  coals  examined,  with  the  exception  of  the  two  which  are  known  to 
be  liable  to  gob  fires,  then'  appear  to  be  zones  of  temperature  in  which  spon- 
l.i in '.ins  ignition  occurs  after  a  much  longer  interval.  It  would  appear  that 
the  coals  yield  volatile  compounds  at  these  ranges  of  temperature,  which  compounds 
have  a  higher  temperature  of  ignition.  It  is  suggested  that  such  coals  may 
possess  the  property  at  these  temperatures  of  tending  to  extinguish  any  heating 
which  may  be  taking  place  especially  where  the  coal  is  in  masses  and  the  oxygen 
only  in  contact  with  the  surface.  Where,  however,  coal  does  not  evolve  such 
compounds,  no  such  self-damping  action  is  possible,  and  the  result  of  the  oxidation 
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Table  i! 

Combustion    Phenomena   Observed   with   Coal  Liable  to   Produce 

Gob  Fires 


Time  in  Second 

a  foi 

Temp. 
Deg .  C. 

Remarks 

Extinc- 

Glow 

Ignition 

tion 

52 

29 

35 

228 

55 

20 

35 

230 

15 

13 

15 

243 

Very  powerful  explosion. 

M 

13 

II 

250 

Powerful  explosion,  yellow  flame. 

4(1 

11 

14 

207 

Very  powerful  explosion,  yellow  flame. 

41) 

10 

1  1 

278 

38 

10 

14 

290 

:i!) 

10 

14 

300 

Very  powerful  explosion,  yellow-white  flame. 

38 

9 

13 

310 

38 

8 

14 

.-{20 

25 

0 

9 

330 

37 

-t 

10 

:i4o 

35 

3 

3-14 

350 

Very  powerful  explosion  at  14. 

3« 

••> 

10 

362 

Very  powerful  explosion,  yellow-blue-white 

flame. 

30 

2 

2 

378 

40 

1 

1 

386 

Table  3 
Combustion    Phenomena    Observed    with    Anthracite 


Time  in  Second? 

for 

Temp. 
Deg.  C. 

Remarks 

Extinc- 

Glow 

Ignition 

tion 

240 

248 

113 

45 

250 

125 

32 

32 

256 

140 

31 

31 

253 

Yellow  flame. 

136 

29 

29 

267 

120 

23 

23 

278 

130 

17 

17 

287 

90 

19 

296 

105 

11 

20 

300 

110 

15 

45-50 

310 

100 

12 

41 

32] 

Yellow-white  flame 

110 

12 

14 

332 

10S 

9 

12 

342 

90 

0 

6 

350 

100 

6 

28-35 

302 

102 

li 

368 

120 

7 

50-58-70 

384 

Yellow-white   flame  at  50;  blue   flame 

at  70. 

83 

4 

38 

:;ss 

106 

5 

52 

390 

Yellow-white-blue  flame. 

121 

4 

:;;. 

394 

111 

6 

17 

400 

Very  powerful  explosion. 

90 

5 

5 

412 
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would  be  an  additive  one,  consisting  of  the  glowing  of  the   solid  substance  and 
the  ignition  of  the  volatile  constituents. 

' '  In  order  to  obtain  an  idea  of  the  minimum  temperature  at  which  substances 
would  either  glow  or  ignite  a  time  limit  of  four  minutes  was  adopted,  and  the 
lowest  temperature  at  which  substances,  would  either  glow  or  ignite  within  this 
period  was  taken  as  the  temperature  of  glowing  or  ignition.  The  time  decided 
upon  was  sufficiently  long  for  most  practical  purposes." 

The  values  obtained  for  a  number  of  substances  are  idven  below. 


Table  4 
Minimum   Temperatures   eok  Ignition  in   Oxygen 


Minimum  Temperatures  in  <  >xygen 

Deg    C. 

Substance 

Glowing 

Ignition 

Holm's 
Figures 

Bramo's 
Figures 

250 

225 

184 

219 

242 

228 

228 
Above  398 
Above  396 

248 

300 

324 

367 

258 

230 

188 

219 

242 

228 

228 
Above  398 
Above  396 

248 

300 

324 

367 

216 

440 

360 

310 

500 

370 

to 

425 

The  investigators  continue : 

"Early  in  the  experiments  it  was  found  that  the  degree  of  fineness  of 
the  parlicles  of  the  fuel  had  a  considerable  influence  upon  the  minimum  tem- 
perature at  which  spontaneous  glowing  would  occur,  and  preliminary  observations 
have  been  made  to  ascertain  broadly  the  influence  of  the  fineness  of  the  fuels 
examined.  The  results  are  recognized  as  being  quite  preliminary  but,  as  they 
show  that  the  degree  of  fineness  is  a  most  potent  factor,  it  is  desirable  to  place 
them   on    record. ' ' 

An  attempt  was  likewise  made  to  ascertain  the  influence  of  the 
volatile  matter  present  in  the  fuels  on  the  temperature  at  which 
spontaneous  ignition  occurs.     In  order  to  do  this  the  apparatus  wTas 
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Table  5 
Minimum   Temperature  at  which  Spontaneous  Glowing  Occurs 


Degree  of  Fineness 

Descripl  ion 

1/200 

1    LOO  io  1/200 

Mixture  of  2 
parte  1   200 
and  1  pari 

1/100-1    20(1 

Temp.  Deg.  C. 

Temp.  I  teg.  C. 

Temp.  Deg.  ('. 

240 
229 
219 
232 

L'2.-> 

Above  380 
Above  390 
\bove  396 

348 

298 

242 

277 

••:<:> 

foal  liable  to  gob  fires,  No.  1 

arranged  so  that  nitrogen  could  he  passed  into  the  combustion  crucible 
through  the  three-way  tap  shown  in  the  diagram,  until  the  volatile  mai- 
ler had  been  driven  off  from  the  coal.  The  procedure  was  as  follows: 
The  ignition  meter  was  raised  to  any  desired  temperature,  the  nitrogen 
turned  on,  and  a  charge  of  coal  introduced  from  the  dropper.  The 
coal  was  kept  for  15  minutes  in  the  atmosphere  of  nitrogen.  At  the 
end  of  this  period  the  supply  of  nitrogen  was  interrupted  and  oxygen 
introduced  into  the  crucible.  The  time  interval  before  glowing  or 
ignition  occurred  was  then  determined.  The  crucible  was  at  once 
emptied  of  any  residue  and  a  fresh  charge  or  blank  was  dropped  in, 
having  the  oxygen  continually  flowing.  The  process  was  repeated  for 
different  temperatures  and  the  results  are  given  in  Table  (i. 
Sinnatt   and   .Moore  say  further: 

"II  may  be  observed  that  at  temperatures  only  slightly  above  the  minimum 
temperatures  previously  recorded  tor  the  occurrence  of  glowing,  all  the  fuels, 
except  the  Eoo  cannel,  which  had  been  previously  exposed  to  nitrogen  failed 
subsequently  to  glow  or  ignite  in  oxygen  within  the  time  interval  of  four 
minutes  whereas  the  control  samples  examined  immediately  afterwards  behaved 
exactly  ,-is  previously  recorded.  The  conclusion  to  l>e  deduced  from  these  observa 
t ions  is  that  the  volatile  matter   in  the  coal  has  considerable  influence  upon   the 

liability    of   the    fuel    to   glow.      The   non  appearance  of   the   glowing   in   the   nitrogen 

treated   charges  appears  especially    important    where   the  material  has  only    been 
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heated  to  temperatures  not  appreciably  above  the  minimum  temperatures  previously 
recorded  for  glowing  to  occur.  It  would  therefore  appear  that  the  oxidation  of 
the  volatile  constituents  evolved  contributes  very  largely  to  the  heating  effect, 
which  leads  to  the  mass  of  coal  becoming  heated,  and  consequently  to  the 
production   of   a   glow." 

Table  6 

Time  Interval  Before  Glowing  Occurs  in  Nitrogen  and  Oxygen 


Exposed  to  Nitrogen  for  1.5  Min. 
before  Admission  of  Oxygen 

No  Previous  Exposure  to.Nitrogen 
before  Admission  of  Oxygen 

Air  Dried 
Sample 

No.  of 
Seconds 
before 
Glow- 
ing 

Remarks 

F — flame 
E — explosion 

Temp. 
Deg.  C. 

No.  of 
Seconds 
before 
Glow- 
ing 

Remarks 

20 

10 
35 

Feeble  E  at  20  sec. 

Yellow  F 

398 

378 
285 
240 
220 

260 

1 

1 

3 

13 

25 

8 

More  powerful  E  at  43  sec. 
Blue  F. 

Arley  coal 
200  mesh 

Feeble  E  at  10  sec 

Residue  partly  ash 

More  powerful  E  at  25  sec. 

No  glowing 

No  glowing;  unburnt 
residue 

388 
362 
325 
300 

7 
12 
22 
30 

Yellow  F. 

Feeble  E. 

200  mesh 

No  glowing 

Hoo  cannel 

8 
10 
11 

Feeble  E  at  12  sec 

Very  feeble  E  at  12  sec.  .  . 

382 
363 

340 
270 

1 
3 
3 
16 

Fairly  powerful  E. 
Fairly  powerful  E. 

Irish  peat 
200  mesh 

20 

Noglowingjresidue  charred 
No  glowing ;residue  charred 
Noglowingjresidue  charred 

390 
385 
350 

1 
1 
2 

Cellulose 
200  mesh 

15 

No  glowing  ;resid  ue  charred 
Noglowingjresidue  charred 
Feeble  E  at  1 5  sec 

396 
369 
340 

1 

1 

30 

Powerful  E  al  30. 

Fusain 
200  mesh 

No  glowing 

389 
370 

6 
10 

Yellow  F. 

9.  Remarks  on  Method  of  Sinnatt  and  Moore. — In  the  method 
just  described  for  obtaining  the  ignition  temperature  it  is  obvious 
that  the  temperatures  obtained  are  those  of  the  external  source  of 
heat  and  not  of  the  coal  itself.  The  very  small  sample  used,  about 
0.0052  g.,  did  not  in  any  way  affect  the  temperature  of  the  apparatus 
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to  an  extenl  which  could  be  measured.  It  is  impossible  with  1  his 
typo  of  apparatus  to  measure  the  temperature  of  the  coal  itself  at  any 
stage  in  the  process.  The  chief  value  of  the  method  lies  in  the 
possibility  of  determining  the  relative  ease  with  which  coals  fire  while 
in  storage,  but  the  reasons  for  the  ease  of  firing  are  not  made  known. 
It  is  to  be  noted  in  Tables  2  and  :!  that  the  glow  points  are  in  all 
cases  reached  before  ignition  takes  place. 

The  results  obtained  by  these  men,  although  taken  in  a  manner 
very  different  from  that  of  the  present  investigation  correspond 
in  every  way  with  those  recorded  later  in  this  paper. 

Present  experiment,  however,  determined  that  the  glowing  tem- 
peratures were  far  above  those  recorded  by  Sinnatt  and  Moore  in 
their  table.  This  explains  why  these  investigators  obtained  no  glow 
after  the  volatile  matter  had  been  driven  off,  as  shown  in  Table  6. 
It  has  been  found  by  several  investigators  that  the  giving  off  of  the 
volatile  products  in  an  atmosphere  of  oxygen  or  air  is  accompanied 
by  exothermic  reactions  which  add  their  heat  to  the  mass  of  the 
coal.  Therefore  the  explanation  of  the  failure  to  obtain  the  glow 
point  is  that,  after  the  volatile  matter  had  been  driven  off  in  an 
atmosphere  of  nitrogen,  very  little  heating  effect  could  be  obtained 
fro. ii  the  exothermic  reactions,  while  the  semi-coked  residue  which  was 
later  submitted  to  the  action  of  oxygen  was  at  too  low  a  temperature 
to  glow,  and  its  combustion  in  oxygen  was  going  on  too  slowly  to 
raise  the  temperature  of  the  coal  mass  to  the  glow  point.  Had  the 
oxygen  been  admitted  at  a  trifle  more  rapid  rate,  the  glow  would 
undoubtedly  have  appeared.  In  Tables  2  to  6  the  temperatures 
indicated  are  those  of  the  apparatus.  Undoubtedly  if  the  temperature 
of  the  coal  sample  had  been  measured  it  would  have  been  found  to  be 
considerably    above    that    of   the    apparatus    when    the    coal    glowed. 

10.     Method  of  Wheeler* — The  apparatus  used  by  Wheeler   is 

shown  in  Pig.  2.  It  consists  of  a  tube  holding  the  sample  of  coal, 
and  an  electrically  heated  sand  hath  surrounding  the  sample  tube. 
Air  is  drawn  through  the  sample  at  a  constant  rate:  the  temperature 
of  the  coal  mass  itself  and  the  external  sand  bath  being  taken  simul- 
taneously. Experiments  were  made  on  40-g.  samples  of  150-mesh  and 
240-mesh  coal.     The  temperature  of  the  sand  bath  was  slowly  raised 


*  Jour.   Clieni.   Soc.,    Vol.   113.  p.   94'.',    191J 
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at  a  uniform  rate  and  the  temperatures  inside  and  outside  the  coal 
taken  at  intervals. 


Air/n/et 


Sonet  Heated 
E/ectr/cat/i/, 


G/ass 
Woo/ 

Coa/ 


7b  Constant  Speed    \ 
Suet/ on  Pump— J 


Catch  Bott/e 


KJ 


Fig.  2.    Apparatus  Used  by  Wheeler  for  Determining  Ignition  Temperature 


The  results  of  these  experiments  were  plotted  as  two  time- 
temperature  curves,  one  showing  the  heating  rate  of  the  coal  sample 
and  the  other  showing-  the  heating  rate  of  the  external  sand  hath. 
In  all  cases  the  temperature  within  the  coal  eventually  began  to  rise 
rapidly  above  that  of  the  sand  bath,  but,  due  to  the  kind  of  ther- 
mometers used,  it  was  impossible  to  carry  the  experiment  to  very 
high  temperatures.  It  may,  however,  be  assumed  that  after  the  heating- 
curve  began  to  rise  rapidly  it  would  only  be  a  matter  of  time  before  the 
coal  would  flame.  A  curve,  characteristic  of  these  results,  is  shown 
in  Fig.  3. 

Wheeler  says : 

"It  will  be  seen  that  the  temperature  at  which  the  reaction  velocity  becomes 
so  rapid  that  inflammation  of  the  coal  is  imminent  is  clearly  indicated  to  be 
at  about  205  deg.  C.  It  is  evident  also  from  the  gradual  approach  of  the  two 
curves  that  the  heat  due  to  the  oxidation  of  the  coal  was  sufficient,  despite  the 
loss  to  outgoing  air,  to  raise  the  temperature  of  the  coal  above  that  normally 
due  to  the  heat  received  from  the  sand  bath  when  the  reaction  was  proceeding 
at  a  temperature  of   125  deg.  (J.     The  latter  temperature  might  be  regarded  as 
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the   ignition   temperature  of   the   coal,    (thai    is,   the   temperature  at    which   Belf 
heating  begins)   under  the  conditions  of  the  experiment. 
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Fig.  3.     Heating  Curves  of  Coal  and  Sand  Bath    (Wheeler) 

"For  comparative  purposes,  however,  it  was  found  preferable  to  record  as 
the  relative  ignition  temperature  the  point  at  which  the  coal  temperature  curve  and 
the  sand  bath  curve  cross,  as  this  point  is  clearly  defined.  It  is  the  temperature  at 
which  rapid  self -heating  begins  and  is  therefore  in  conformity  with  Nemst 's 
definition  of  the  ignition   temperature   for   gaseous  mixtures." 

Wheeler  treated  several  samples  of  coal  having  various  oxygen 
contents  and  determined  that  the  most  highly  oxygenated  fuels  arc 
those  most  liable  to  self-heat.  His  results  are  shown  in  the  following 
table,  in  which  the  oxygen  contents  were  taken  on  the  basis  of  ash-free, 
dry  coal  and  must  be  regarded  as  those  of  the  "saturated''  coals  as 
the  ireatment  to  which  the  coals  had  been  subjected  involved  exposure. 

11.  Remarks  on  Method  of  Wheeler. — The  heating  curves  ob- 
tained by  Wheeler  are  similar  to  those  obtained  here  except  for  the 
fact  that  much  higher  temperature  readings  could  be  obtainedby  the 
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use  of  the  thermocouple  than  with  glass  thermometer.  Wheeler  proved 
unquestionably  that  the  crossing  point  of  the  coal-heat,  outside-heat 
curves  is  a  definite  point  and  that  he  is  justified  in   using  this  point 

Table  7 
Relative  Ignition  Temperatures   fob  Various  Oxygen  Contents 


( >xygen  Content 

He].  Ik.  Temp. 

Oxygen  Content 

Rel.  Ig.  Temp. 

Per  Cent 

Deg.  C. 

Per  Cent 

Deg.  C. 

11.1 

165 

8.3 

182 

11.1 

i';."> 

8.1 

180 

11.1 

167 

8.0 

183 

10  0 

177 

7.6 

192 

10.5 

176  ■ 

:  4 

188 

10.3 

176 

7.3 

185 

9.9 

177 

7.0 

192 

9.9 

179 

6.7 

195 

9.9 

17'.  > 

6.6 

206 

9.5 

178 

6.4 

200 

9.2 

178 

5 . 6 

210 

8.8 

183 

5.4 

200 

8.8 

187 

5.1 

217 

8.7 

186 

4.9 

195 

8.0 

183 

4  7 

220 

8.5 

185 

3.9 

200 

as  a  means  of  comparison  for  different  coals,  it  is  to  lie  noted, 
however,  that  these  results  can  be  duplicated  only  in  the  identical 
apparatus  used  by  "Wheeler,  as  the  shape  of  the  heating  curve  is 
affected  by  the  characteristics  of  the  furnace  and  the  conditions  under 
which  the  experiment  is  run.  Similar  to  Wheeler's  experience,  present 
experiments  obtained  heating  curves  showing  abnormal  tendencies 
between  the  range  150-250  deg.  C.  Fig.  13,  page  54,  shows  this  bulge 
in  the  heating  curve  very  markedly. 
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IV.     Glow  Point 

12.  Glow  Point  as  Ignition  Temperature. — If  a  sample  of 
coal  is  heated  carefully  so  t licit  the  rate  of  heating  is  uniform  through- 
out the  sample  it  will  be  found  thai  at  a  certain  very  definite 
temperature  the  sample  will  assume  a  uniform  glow.  This  glow 
takes  place  rather  suddenly,  if  one  neglects  the  occasional  glowing 
particles  on  the  edge  of  the  pile,  and  it  is  quite  certain  that  it  is  not 
entirely  due  to  incandescence  of  carbon  alone,  since  the  color  of  the 
glow  is  much  brighter  than  black  bodies  assume  at  this  temperature. 
Furthermore  the  change  from  the  black  coal  to  the  brightly  glowing 
mass  is  too  rapid  to  be  explained  by  incandescence.  After  coal  has 
been  heated  for  about  twenty  minutes  under  the  conditions  of  the 
experiment,  the  change  from  black  to  glowing  coal  takes  place  some- 
times within  a  half  minute  of  time.  With  much  sulphur  present  a 
rather  confusing  glow  occurs  earlier  than  this,  but  with  low  sulphur 
coals  the  appearance  of  the  glow  is  quite  abrupt.  With  a  few  un- 
explained exceptions  the  temperatures  observed  for  the  glow  points 
of  samples  of  the  same  coal  check  fairly  closely. 

Strange  to  say  there  is  no  very  abrupt  rise  in  the  heating  curve 
beyond  the  glow  point.  To  be  sure  the  sample  of  coal  is  still  rising 
in  temperature,  but  the  rather  abrupt  rise  that  might  be  expected 
after  rapid  combustion  begins  is  not  apparent.  Professor  Parr 
suggests  that  this  might  be  explained  by  assuming  that  at  this  point 
adsorbed  oxygen,  which  is  probably  already  partly  combined  with 
the  coal  substance,  completely  combines  with  the  carbon  to  form 
carbon  dioxide.  The  additional  heat  thus  produced  is  probably  not 
sufficient  to  alter  the  temperature  at  a  rate  which  can  be  measured 
by  this  method.  Whatever  the  explanation  of  the  glow  point  may  be, 
it  occurs  at  a  very  definite  place  in  the  heating  curve  and  may  there- 
fore be  accepted  definitely  as  the  ignition  temperature. 

13.  Determination  of  Nature  of  dime  Point. — An  attempt  to 
determine  the  intensity  of  the  action  at  the  glow  point  was  made 
by  submitting  a  sample  of  coal  above  the  glow  point  and  one  below  the 
glow  point  to  a  blast  of  oxygen.  No  definite  statements  can  be  made 
regarding  the  results  of  this  experiment    because  of  the  difficulty  of 
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handling  a  single  small  particle  of  coal,  determining  its  temperature, 
and  keeping  it  from  being  blown  away  by  the  blast.  The  procedure 
was  to  place  a  small  sample  of  coal  in  a  wire  cylinder,  raise  it  above 
the  glow  point,  and  then  allow  it  to  cool  until  the  glow  just  dis- 
appeared. As  nearly  as  could  be  determined  the  sample  was  always 
cooled  by  the  blast  of  oxygen  if  its  temperature  was  below  that  of 
the  glow  point,  but  if  it  was  glowing  in  but  a  small  part  its  com- 
bustion would  rapidly  accelerate  until  it  was  burning  fiercely. 

Another  experiment  made  to  determine  the  exact  nature  of  the 
glow  point  wras  to  heat  a  sample  of  coal  in  the  furnace  to  about  300 
deg.,  at  which  time  the  furnace  current  was  shut  oft'  and  temperature 
readings  continued.  The  results  of  several  trials  indicated  that  the 
coal  heated  to  a  temperature  just  short  of  the  glow  point,  then  the 
rise  stopped.  It  must  not  on  that  account  be  supposed  that  further 
heating  is  necessary  to  cany  on  combustion ;  indeed,  if  the  concentra- 
tion of  oxygen  be  increased  but  slightly  the  heating  will  continue 
even  beyond  the  glow  point.  The  experiment  does  indicate,  however, 
that  the  glow  point  is  reached  only  with  a  certain  amount  of  difficulty, 
and  that,  even  if  the  heating  is  started,  the  glow  point  will  not  be 
reached  unless  a  certain  concentration  of  oxygen  is  exceeded. 

These  experiments  to  ascertain  the  nature  and  characteristics 
of  glow  point  furnish  in  nearly  all  cases  added  argument  for  estab- 
lishing the  glow  point  as  the  ignition  temperature.  The  glow  point 
is,  moreover,  the  first  visible  evidence  of  combustion,  as  it  occurs  in 
all  cases  before  flame  or  explosion  takes  place. 

Professor  Parr  believes  that  the  temperature  of  the  evolved  gas 
has  something  to  do  with  the  glow  point  and  advises  a  further  series 
of  tests  to  determine  the  nature  of  this  gas  and  the  influence  of 
weathering  on  the  ignition  temperature. 
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V.     Description  of  Apparatus 

14.     General   Discussion. — The  apparatus   used    in   these  experi- 

nls  is  shown  in  Pigs.  4,  5,  and  6.     It  consists  of  an  electric  furnace 

of  the  resistance  type,  a  motor  generator  set  furnishing  direct  current, 
a  method  of  regulating  the  voltage  of  this  generator  by  means  of 
shunt  field  resistance,  a  lloskins  thermocouple,  and  a  millivoltmeter. 
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Fig.  4.     Section  of  Furnace 


15.  'I'h<  Furnace. — The  furnace  that  was  used  was  made  pur- 
posely for  these  experiments  and  is  shown  in  Figs.  4  and  6.  The 
heating  element  was  made  by  wrapping  70  feet  of  special  resistance 
wire.  No.  14  B.  &  s.  gauge,  having  a  resistance  of  t >  12 r>  ohms  per  mil- 
foot  and  a  total  resistance  of  10.78  ohms,  on  a  reinforced  paper  form. 
After  the  element  was  wound  it  was  cemented  with  alnndnm  cement 
which  was  allowed  to  dry  before  the  form  was  removed.  The  element 
was  then  placed  in  an  ordinary  muffle  and  the  space  between  the 
wires  and  the  muffle  (died  in  with  burned  fire-clay.  The  ends  of  the 
wire  were  brought  through  holes  bored  in  the  muffle  to  terminals 
placed  on  the  outside  of  the  furnace.  The  muffle  was  then  sel  on  a 
stand   and    walled    in    with   brick. 

A  thin  layer,  '  |  in.,  of  alundum  cement  was  spread  on  the 
wires  inside  the  furnace  as  a  lining,  ami  this  construction  broughl  the 


Fig.  6.    Apparatus  Used  in  Present  Investigation 
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heating  element  very  close  to  the  interior  surface.  Because  of  this 
the  furnace  heated  rapidly.  As  the  inside  was  worn  off  it  had  to 
be  plastered  up  occasionally  to  avoid  danger  of  short  circuiting  the 
wires  inside  the  furnace. 

'Curres?/ /.ego's  for /y&C7///7<?  f/emenfs 

-T/?<£>/7770C0l//O/e 


Af////yo/r 


Fig.  -3.     Wiring  Diagram   of  Furnace 

16.  Power  Required. — Because  of  its  ease  of  measurement  and 
control  direct  current  was  chosen  as  the  power  for  the  heating 
element.  The  laboratory  was  already  equipped  with  a  250  volt  D.  C. 
compound  generator  driven  by  a  440  volt  A.  C.  motor.  The  voltage 
of  this  generator  could  be  regulated  by  the  shunt  field  control.  The 
switchboard  of  this  set  was  provided  with  a  field  rheostat,  but  it 
was  found  that  the  successive  points  on  this  rheostat  gave  jumps 
in  the  voltage  which  were  larger  than  desired.  A  smaller  field 
rheostat,  shown  in  Fig.  6,  was  therefore  wired  in  series  with  the 
switchboard  rheostat  for  the  purpose  of  giving  finer  adjustments  of 
the  voltage.  "With  this  auxiliary  rheostat  it  was  possible  to  regulate 
the  voltage  so  that  the  current  flowing  through  the  heating  element 
was  constant  at  all  times. 

It  was  found  that  15  amperes  gave  the  best  results  in  the  experi- 
ments, heating  the  coal  sample  as  rapidly  as  possible  without  showing 
any  great  amount  of  lag  due  to  the  low  conductivity  of  the  coal. 
In  order  to  get  15  amperes  through  the  furnaee  a  voltage  of  about 
160  was  required,  depending  somewhat  upon  the  temperature  of  the 
heating  element.  An  ammeter  was  placed  in  the  circuit  as  shown 
in  the  wiring  diagram. 
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VI.     Temperature  Measurement 

17.  Method  Employed. — The  thermocouple  used  was  a  Iloskins 
base  metal  couple,  the  negative  side  of  which  is  an  alloy  called  Chromel, 
composed  of  chromium  and  nickel,  and  the  positive  side  Alnmel,  made 
of  aluminum  and  nickel.  Within  the  range  of  temperature  desired. 
this  couple  has  a  guaranteed  millivoltage  of  approximately  40  mv, 
As  the  millivoltmeter  used  has  a  maximum  scale  reading  of  20  mv., 
it  was  necessary  to  use  the  couple  in  series  with  a  resistance  in  order 
to  reduce  the  scale  reading.  The  couple,  resistance,  and  millivolt- 
meter  were  standardized  againsl  the  melting  points  of  three  pure 
metals. 

The  placing  of  a  resistance  in  series  with  the  couple  gave  the 
added  advantages  of  high  resistance  temperature  measurements. 
When  the  resistance  of  the  couple  circuit  is  extremely  low  the  milli- 
voltmeter reading  is  affected  by  the  variation  of  the  resistance  of  the 
hot  wire,  imperfect  connections,  a  change  in  the  length  of  the 
connections,  and  many  other  things.  If  a  high  resistance  in  the  circuit 
is  kept  at  a  constant  temperature  the  above  mentioned  factors  will 
not  affect  the  result  appreciably. 

The  gases  produced  from  the  burning  of  the  coal  were  very 
corrosive  and  the  couple  frequently  broke.  However,  due  to  the  high 
resistance  mentioned  above,  frequent  re-calibrations  proved  that  after 
the  wire  was  re-welded  there  was  very  little  difference  in  the  reading 
for  any  given  temperature. 

18.  Calibration  of  Thermocouple. — The  metals  used  in  the  cali- 
bration of  the  couple  were  aluminum,  melting  point  659  deg.  I '.. 
lead,  melting  point  327  deg.  ('.,  and  tin.  melting  point  232  deg.  C. 
These  three  metals  were  used  because  their  melting  points  fell  within 
the  limits  of  temperature  most  used  in  this  work,  and  because  they 
gave  the  most  satisfactory  calibration  points.  It  was  found  that  zinc 
gave  an  uncertain  calibration   point. 

ID.  Fixed  J  unci /on  Correction.— Ho  attempt  was  made  to  keep 
the  fixed  junction  of  the  thermocouple  at  zero  degrees,  but  room 
temperatures   were  observed  on   all   the  tests  and   the  correction  for 
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room  temperature  made  by  the  method  described  by  L.  II.  Adams 
before  the  A.  I.  M.  E.,  September,  1919.  In  this  method  the  millivolts 
corresponding  to  room  temperature  are  added  to  the  observed  milli- 
voltmeter  reading,  giving  a  value  of  the  voltage  which  will  corre- 
spond with  the  true  temperature  of  the  hot  end  of  the  couple.  In 
this  same'  paper  Adams  includes  a  table  showing  temperature  dif- 
ference per  millivolt  with  this  type  of  couple.  This  difference  varies 
slightly  for  different  temperatures,  but  there  is  less  variation  than 
in  noble  metal  couples  or  "Constantan"  combinations.  In  other 
words  the  calibration  curve  is  nearer  a  straight  line  for  the  Chromel- 
Alumel  couple  than  for  the  other  types. 

Table  8 

Temperatures   for   Various   Millivoltmeter   Eeadings 

Degrees  Centigrade 


M.  V 

0 

1 

o 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

00 

0 

40 

90 

134 

179 

223 

268 

312 

358 

404 

451 

498 

543 

587 

630 

0.") 

2 

48 

92 

136 

181 

225 

270 

314 

360 

406 

453 

500 

545 

589 

632 

10 

5 

50 

94 

138 

183 

227 

272 

317 

363 

409 

456 

503 

548 

591 

634 

15 

7 

53 

97 

141 

186 

230 

275 

319 

365 

411 

458 

505 

550 

594 

036 

20 

9 

55 

99 

W3 

188 

232 

277 

321 

367 

414 

460 

507 

552 

596 

638 

25 

12 

57 

101 

145 

190 

234 

279 

324 

369 

4  it; 

463 

510 

555 

598 

041 

30 

14 

59 

103 

147 

192 

237 

281 

326 

372 

418 

405 

512 

557 

600 

043 

35 

16 

61 

105 

149 

194 

239 

283 

328 

374 

421 

467 

514 

559 

602 

045 

40  

18 

64 

108 

152 

197 

241 

286 

330 

376 

423 

469 

516 

561 

605 

047 

45 

21 

66 

110 

154 

199 

243 

288 

333 

379 

426 

472 

519 

564 

607 

049 

50 

23 

68 

112 

156 

201 

246 

290 

335 

381 

428 

474 

521 

566 

609 

651 

55 

25 

70 

114 

158 

203 

248 

292 
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383 

430 

476 

523 

568 

611 

053 

60 

28 

72 

116 

161 

205 

250 

294 

340 

386 

433 

479 

525 

570 

613 

055 

05 

30 

75 

119 

163 

208 

253 

297 

342 

388 

435 

481 

528 

572 

615 

057 

70  ........ 

32 

77 

121 

165 

210 

255 

299 

344 

390 

437 

484 

530 

574 

617 

659 

75 

35 

79 

123 

168 

212 

257 

301 

347 

392 

440 

486 

532 

577 

620 

SO 

37 

81 

125 

170 

214 

259 

303 

349 

395 

442 

488 

534 

579 

622 

39 

83 

127 
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216 

261 

305 

351 

397 

444 

491 

536 

581 

624 

90 

41 

86 

130 

174 

219 

264 

308 

353 

399 

446 

493 

539 

583 

020 

95 

44 

88 

132 

177 

221 

266 

310 

356 

402 

449 

490 

541 

585 

628 

The  table  of  temperature  differences  just  mentioned  could  not  be 
employed  directly  because  of  the  high  resistance  used,  but  a  similar 
table  was  prepared  based  on  Adams's  temperature  differences  and 
our  own  calibration,  and  is  given  above  as  Table  8.  This  table  was 
used  in  connection  with  all  temperature  determinations  of  the  glow 
points  of  the  various  coals.  In  making  the  experiments  on  the  heating 
curve  of  the  furnace  and  the  heating  curves  of  the  standard  coal  a 
slightly  different  resistance  was  used  and  a  separate  calibration  was 
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made.  The  table  calculated  from  this  is  not  included.  Several  re- 
calibrations  of  the  thermocouple  during  the  tests  on  coals  showed 
practically  no  deviation  from  the  values  given  in  the  above  mentioned 
tables. 

Taking  all  factors  into  consideration,  such  as  the  accuracy  of 
the  calibration,  loss  of  heat,  lag  of  the  couple,  approximations  in  the 
calculations,  and  similar  sources  of  error,  the  readings  are  thought 
to  be  correct  to  about  5-8  degrees; 
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VII.     Method  of  Making  Tests 

20.  General  Procedure. — The  method  used  in  these  experiments 
was  as  follows :  a  sample  was  placed  in  a  flat  pan  and  the  thermo- 
couple inserted  in  the  top  of  the  coal  so  that  the  junction  was  entirely 
submerged,  see  Fig.  7 ;  the  shields  were  then  placed  over  the  furnace 
and  the  current  turned  on ;  observations  of  the  temperature  were 
made  at  half-minute  intervals  and  temperatures  of  glowing,  naming, 
or  other  phenomena,  were  noted. 


Fig.  7.     Depth  of  Immersion  of  Thermocouple 

21.  Weight  of  Sample. — For  the  determination  of  glow  point 
alone  it  was  unnecessary  to  standardize  the  weight  of  the  sample  as 
the  glow  point  is  independent  of  the  weight.  In  order  to  get  the 
heating  curves  of  various  coals  for  purposes  of  comparison,  all  the 
conditions,  including  the  weight  of  the  sample,  were  standardized. 
It  was  found  that  about  35  g.  of  coal  could  be  heated  at  a  fairly 
uniform  rate  without  any  great  amount  of  lag  in  any  part  of  the 
pile;  furthermore  this  weight  was  large  enough  to  make  possible  a 
good  immersion  for  the  couple. 

The  pan  in  which  Ihe  sample  was  placed  was  rather  flat,  with 
low  sides,  so  that  the  air  had  free  access  to  the  sample  and  all  parts 
of  the  pile  could  be  observed  from  the  front  of  the  furnace. 

22.  Setting  of  Thermocouple. — It  was  found  rather  important 
to  have  the  proper  immersion  of  the  thermocouple  in  the  sample 
in   order  to   check    results.     The   object   of   course   was   to   get   the 
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average  temperature  of  the  sample  itself,  or  more  properly  to  observe 
what  happened  to  that  eoal  which  immediately  surrounded  the  couple. 

If  the  point  of  the  couple  was  too  deep  h  was  in  no  way  certain  that 
what  was  observed  on  the  surface  was  also  taking  place  within  the 
pile.  On  the  other  hand  if  merely  the  tip  of  the  couple  wa.s  placed 
in  the  coal,  temperatures  observed  applied  to  the  gases  coming  off 

the  coal  rather  than  to  the  interior  of  Ihe  pile  itself. 

23.  Distribution  of  I/<at  and  Temperature  L<i</. — In  starting 
these  experiments  it  was  uncertain  just  how  much  dependence  could 
be  placed  on  temperature  measurements  made  in  this  manner.  The 
number  of  degrees  by  which  the  thermocouple  lagged,  the  temperature 
of  the  coal  itself,  the  distribution  of  temperature  throughout  the 
sample,  the  lag  of  the  top  of  the  coal  pile  behind  those  individual 
particles  next  to  the  hot  furnace  floor  and  the  difference  in  temperature 
between  the  surface  of  any  particle  and  its  interior  were  all  uncertain 
factors.  In  order  to  eliminate  some  of  the  uncertainty  regarding 
the  lag  of  the  couple  and  the  distribution  of  the  heat  throughout  the 
pile,  a  cooling  curve  was  taken  on  a  given  coal  sample  whose  heating 
curve  had  previously  been  observed,  and  the  glow  point  on  the  cooling 
curve  noted.  In  observing  this  the  temperature  at  which  the  coal 
lost  its  glow  and  returned  to  its  black  aspect  was  noted.  In  every 
case  these  cooling  curve  glow  points  were  the  same  as  those  observed 
on  the  heating  curves.  These  results  indicate  that  the  lag  of  the 
couple  was  very  slight  and  that  under  the  conditions  of  the  experiment 
the  distribution  of  the  heat  throughout  the  sample  was  fairly  even. 

The  lag  of  various  parts  of  the  coal  pile  depends  on  the  rate  of 
heating.  The  first  work  done  was  to  determine  the  proper  rate  of 
heating  and  the  proper  size  of  particles.  It  was  found  that  with  35 
g.  of  sample,  15  amperes  supplied  to  the  furnace  heated  the  sample 
at  a  fairly  uniform  rate  and  the  glow  observed  on  low  sulphur  coals 
was  fairly  uniform  throughout  the  pile. 

No  attempt  was  made  to  determine  the  la<>'  of  the  interior  of 
the  individual  particles  behind  the  surface  because  this  is  relatively 
unimportant:  that  is,  if  we  assume  thai  glow  point  and  flame,  and 
as  a  matter  of  fact  all  oxidation,  are  superficial  phenomena,  it  matters 
very  little  what  the  temperature  of  the  interior  of  the  particle  may 
be.     Experiments  on   Large  and  on   very  small  particles  showed  that 
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the  total  amount  of  surface  exposed  to  the  action  of  oxygen  bore  no 
relation  to  the  temperature  of  the  glow  point.  This  fact  also  gives 
some  weight  to  the  statement  that  the  temperature  of  the  interior 
of  the  particle  is  of  no  importance. 

Some  error  is  probably  introduced  by  radiation  of  heat  from  the 
walls  of  the  furnace  to  the  thermocouple,  especially  during  the 
early  stages  of  the  heating  when  the  furnace  is  at  a  higher  temperature 
than  the  coal.  About  8  in.  of  the  couple  was  exposed  in  this  way, 
protected  only  by  small,  two-holed,  porcelain  sleeves  %  in.  long, 
extending  to  within  an  inch  of  the  coal  sample.  At  the  glow  point, 
however,  the  error  introduced  by  radiation  is  probably  small,  inasmuch 
as  the  walls  of  the  furnace  and  the  sample  of  coal  are  both  at  a 
temperature  higher  than  the  air  temperature  represented  by  the 
heating  curve  of  the  furnace. 
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VI 11.     Description   op   Experiments 

24.  Heating  Curvi  of  Furnace. — The  first  work  thai  was  done 
was  to  compare  the  heating  rate  of  various  currents  on  the  empty 
furnace.  After  several  quantities  of  currenl  were  tried,  both  on 
samples'of  coal  and  on  the  empty  furnace,  it  was  concluded  thai  1"> 
amperes  gave  the  most  satisfactory  heating  curve.  To  determine  ih<' 
heating  curve  of  the  furnace,  six  runs  were  made  under  exactly 
similar  conditions.  The  furnace  was  allowed  in  each  case  to  cool 
to  room  temperature  and  the  temperature  of  the  room  itself  was 
kept  fairly  constant  by  steam  heat.  The  shield  on  the  front  of  the 
furnace  was  in  the  form  of  a  door  hinged  at  the  top,  so  that,  when 
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Pig.  8.     Average  Heating  Curve  of  Empty   Furnace 


lowered,  it  always  assumed  the  same  position.  This  door  was  made 
of  sheet  metal  havin.tr  in  the  center  a  %-in.  hole  through  which  the 
action  within  the  furnace  could  be  observed.     The  shield  was  not  tiffhl 
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fitting;  air  could  enter  the  furnace  around  the  edges  and  through  the 
hole,  and  also  by  an  opening  provided  in  the  hack  of  the  furnace  for 
the  admission  of  the  couple.  The  furnace  was  placed  in  a  corner  of 
the  laboratory  away  from  air  currents,  so  that  even  with  openings 
through  which  air  might  pass  to  cool 'the  furnace,  individual  observa- 
tions of  heating  curves  differed  but  slightly  from  the  average.  The 
maximum  deviation  of  any  single  heating  curve  from  the  average  of 
all  was  less  than  15  deg.  The  heating  curve  of  the  furnace  calculated 
from  these  six  runs  is  shown  in  Fig.  8. 

25.  Work  on  Standard  Coal. — A  low  sulphur  and  ash  coal  was 
hand  sorted  from  available  samples  in  order  to  provide  a  relatively 
pure  coal  which  could  be  used  in  standardizing  a  method  for  the 
determination  of  the  glow  point.  On  analysis  this  coal  was  found 
to  contain  8.60  per  cent  ash  and  1.25  per  cent  sulphur.  This  coal 
was  prepared  by  crushing  to  a  maximum  size  *4  m-  and  then  screening 
through  the  following  screens :  14  in.  and  y8  in.,  and  14,  28,  48,  100, 
150,  and  200  mesh.  Thirty-five  gram  samples  were  then  heated  at  a 
constant  rate  based  on  a  15  ampere  supply  of  current  to  the  furnace. 
Care  was  exercised  to  give  the  same  immersion  to  the  couple  in  every 
case.  Three  or  four  check  runs  were  made  on  each  size  to  determine 
the  effect  of  size  of  particles  on  the  glow  point.  The  results  of  these 
runs  are  shown  in  the  following  tables: 

Table  9 

Glow  Point  Temperatures,  Standard  Coal 

Degrees   Centigrade 


Run  No. 

1 

2 

3 

4 

5 

469 
469 
466 
517 
471' 
466 
470 
466 

469 
473 
467 
510 
470 
468 
466 
472 

463 
445 
471 
456 
472 

468 
409 

469 

435 
501 
480 

477 

47S 

454 

14—28  mesh 

28—48  mesh 

48—100  mesh 

100—150  mesh 

150—200  mesh 

Through  200 

Average  Temperature— 472  ileg.  C. 
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Table  9a 

Clow  Point  Temperatures,  Standard  Coai. 
Degr  ees    Fun;  E  X  1 1  KIT 


Run  No. 

1 

2 

3 

4 

5 

876 
876 

871 
963 

882 
871 
878 
871 

876 
883 
873 
950 
878 
874 
871 
882 

865 

833 
880 
853 
882 

874 
876 

876 

815 

034 
896 

891 
892 

840 

14 — 28  mesh.  .                  

28 — 48  mesh.  .             

48 — 100  mesh.                     

100 — 150  mesh.  .                

150 — 200  mesh. .  .      

Through  200  mesh               

In  at  least  one  run  on  each  of  these  sizes  the  furnace  was  started 
from  the  room  temperature  and  observations  of  the  temperature  made 
at  half-minute  intervals  to  determine  the  heating  curves.  As  these 
heating-  curves  vary  but  little  they  were  averaged  to  represent  the 
heating  curve  of  the  standard  coal.  This  heating  curve  was  plotted 
against  the  average  heating  curve  of  the  furnace  and  is  shown  in  Fig.  9. 

The  results  obtained  for  the  glow  point  on  the  sizes  finer  than 
100  mesh  were  uncertain  because  there  soon  formed  over  the  pile  a 
crust  of  glowing  coal  which  made  it  impossible  to  determine  just  what 
was  going  on  around  the  thermocouple.  This  is  explained  by  tin- 
fact  that  in  the  smaller  sizes  very  much  more  surface  is  exposed  to  the 
action  of  oxygen,  and  the  surface  of  the  pile  is  actually  at  a  higher 
temperature  than  the  interior.  The  temperature  of  this  crust,  how- 
ever, is  not  transmitted  to  the  thermocouple;  hence  results  on  the 
finer  sizes  are  apt  to  be  false.  No  attention  was  paid  to  this  Initial 
glow  of  the  crust  but  as  soon  as  it  seemed  that  the  pile  was  glowing 
to  a  depth  equal  at  least  to  the  immersion  of  the  thermocouple  the 
temperature  was  noted.  In  every  ease  the  results  on  the  tine  coal 
were  very  uncertain  and  it  would  require  a  great  deal  of  practice 
before  an  operator  could  distinguish  the  proper  point  and  check 
himself. 

The  most  consistent  results  were  obtained  on  the  larger  sizes 
from  14  '"•  1o  Is  i"-.  and  y8  m-  to  X^  mesh.     With  this  method  any 
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one  of  these  sizes  could  be  adopted  for  use  as  a  standard,  and  in  the 
subsequent  work  on  individual  coals  these  sizes  were  used. 
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Fig.  9.     Average  Heating  Curve  of  Standard  Coal 


26.  Effect  of  Air  Supply. — To  test  the  influence  of  various 
oxygen  percentages  on  the  temperature  of  the  glow  point  the  coal  was 
heated  under  various  conditions. 

Case  I. 
The  furnace  was  heated  in  the  ordinary   manner  but   a  small 
stream  of  oxygen  was  admitted  through  the  shield.     This  was  done 
to  give  the  same  effect  as  a  larger  air  supply,  without  the  objectionable 
cooling  effects  of  a  blast  of  air. 

Case  II. 
The  furnace  was  heated  in  the  usual  manner  to  a  temperature 
of  about  300  deg.,  at  which  point  the  current  was  shut  off.     Oxygen 
was  then  admitted  slowly  to  determine  if  the  glow   point  could  be 
reached  without  the  action  of  outside  heat. 


II. 
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Case  III. 

Conditions  of  Case  III  were  similar  to  those  of  Case  II  except  that 
a  blast  of  oxygen  was  played  on  the  sample. 

In  all  three  cases  the  action  of  oxygen  was  to  increase  the 
heating  rate.  This,  however,  was  done  at  the  expense  of  accuracy, 
inasmuch  as  the  pile  heated  locally  and  a  uniform  glow  was  difficult 
to  obtain. 

In  Case  1  a  satisfactory  glow  point  was  observed  by  keeping  the 
quantity  of  oxygen  admitted  very  low.  This  glow  point  was  found 
to  be  the  same  as  when  the  coal  was  heated  under  ordinary  conditions. 

In  Cases  II  and  III  when  the  current  was  shut  off  at  about  800 
deg.,  it  was  found  that  if  sufficient  oxygen  was  admitted  to  the 
sample  the  glow  could  be  produced  withonl  the  assistance  of  external 
heat,  but  if  insufficient  oxygen  was  admitted,  or  no  oxygen  at  all. 
the  coal  would  heat  to  some  extent  but  the  glow  would  not  appear. 

In  Case  III  if  the  blast  of  oxygen  was  strong  enough  and  the 
coal  sample  had  not  yet  reached  the  glow  point  the  latter  would 
actually  be  cooled  off,  but  if  the  glow  point  was  first  obtained  and 
the  coal  then  submitted  to  the  blast  of  oxygen  it  would  burn  fiercely. 
This  would  indicate  that  the  rate  at  which  coal  is  raised  to  the 
temperature  of  the  glow  point  is  largely  dependent  upon  the  air 
supply,  but  1  hat  the  actual  temperature  of  the  glow  point,  no  matter 
how  it  is  approached,  is  not  altered. 

27.  Effect  of  Ash. — To  determine  I  he  effect  of  ash  on  the  glow- 
point  a  sample  of  coal  was  mixed  with  pure  shale  washed  from  coal, 
and  run   under  standard  conditions.     The  following  table  of  results 

Table  10 
Effect  of  Ash  on  Gi-ow   Point 


Glow  Points  of  Coal 
35  g.  Sample 

Glow  Points,  25  k.  Coal 

Mixed  with  10  g.  Shale 

Deg.  C. 

Deg.  F. 

Deg.  C. 

Deg.  F. 

52  1 

.Mi' 

'J77 
970 

954 

.-)2<i 

979 
'.•7.-. 
968 
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shows  that  the  temperatures  for  the  glow  points  under  the  two  con- 
ditions were  practically  the  same. 

One  peculiar  feature  of  this  experiment  is  illustrated  in  the 
heating  curves  shown  in  Fig-.  10.  It  will  be  seen  that  high  refuse  coal 
heated  more  rapidly  in  the  early  stages  than  clean  coal,  but  at  a 
retarded  rate  towards  the  end  of  the  process.  This  retardation  was 
due  to  the  fact  that  the  quantity  of  coal   in  this  experiment  was  less 
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Fig.  10.     Effect  of  High  Ash  on  Heating  Curve 


by  10  g.  than  in  the  other  test ;  hence  the  quantity  of  heat  derived 
from  the  coal  after  self-heating  began  was  less.  The  rapid  heating 
<>f  the  high  refuse  material  early  in  the  experiment  may  be  explained 
by  all  or  any  of  the  following  considerations: 


(1)     Shale  has  a  lower  specific  heat  than  coal.    No  figures  on 
the  specific  heat  of  shale  are  known,  but  similar  substances,  such  as 
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brick,  kaolin,  and  ashes,  have  specific  heats  ranging  from  0.120  to 
0.224,  whereas  that  of  eoal  is  given  by  the  same  authorities  as 
0.314.  To  he  sure  the  relative  t hernial  conductivities  of  these 
substances  enter  into  the  discussion  to  some  extent  since  it  is  a 
rate  of  heating  that  is  being  observed.  From  the  best  figures 
obtainable  the  conductivity  of  coal  is  approximately  double  that 
of  shale,  which  fact  would  tend  to  offset  the  opposite  relation  of 
the  specific  heats  to  some  extent. 

(2)  Pure  coal  requires  more  heat  in  the  early  stages  to 
drive  off  moisture  and  other  volatile  matter. 

(3)  In  the  high  refuse  samples,  more  air  is  supplied  to  the 
individual  particles  or  the  air  which  reaches  any  particular  piece  is 
higher  in  oxygen  than  in  the  case  when  the  coal  particles  are 
more  concentrated. 

If  the  true  explanation  for  this  rapid  heating  of  high  ash  coal 
could  he  found  it  might  explain  the  prevalence  of  gob  fires,  refuse  pile 
fires,  and  fires  in  piles  of  dirty  coal. 

28.  Effect  of  Sulphur. — The  effect  of  sulphur  was  tested  in  like 
manner  by  adding  to  the  coal  an  amount  of  pyrite  equivalent  to 
about  6  per  cent  sulphur  in  the  sample,  the  particles  of  pyrite  being 
the  same  size  as  the  particles  of  coal.  As  this  sample  was  heated,  the 
individual  particles  of  pyrite  and  the  coal  just  adjoining  them  glowed 
at  a  comparatively  low  temperature.  Undoubtedly  these  individual 
particles  were  at  or  above  the  temperature  of  the  glow  point  but  their 
accumulated  heat  had  a  negligible  effect  on  the  temperature  of  the 
entire  mass.  From  this  it  was  assumed  that  the  glow  point  of  the 
coal  substance  proper  is  independent  of  the  percentage  of  sulphur. 
It  must  be  admitted,  however,  that  this  constitutes  an  objection  to  the 
use  of  the  glow  point  as  a  criterion  for  ignition  temperatures  since 
it  is  well  known  that  sulphur  in  pyrite  burns  at  a  lower  temperature 
than  coal  and  consequently  assists  in  its  combustion  and  ignition. 

29.  Effect  of  Moisture. — The  effect  of  moisture  was  studied  by 
saturating  a  35  g.  sample  of  coal  and  running  it  under  standard 
conditions.  As  in  the  case  of  the  experiments  on  the  high  ash  coals 
the  tabulated  results  show  that  the  glow  points  for  the  high  moisture 
samples  are  practically  the  same  as  for  the  original  coal. 
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Table  11 
Effect  of  Moisture  on   Glow  Point 


Glow  Points  of  Coal 

Glow  Points  of  Coal 
Saturated  with  Moisture 

Deg.  C. 

Deg.  F. 

Deg.  C. 

Deg.  F. 

526 
525 
512 

979 
977 
954 

515 
529 

526 

959 
984 
979 

Fig.  11  shows  the  heating  curve  under  these  conditions.  In 
this  curve  the  evaporation  of  the  moisture  is  clearly  indicated  at  100 
deg.,  but  in  spite  of  this  retardation  in  heating  the  coal  reaches  the 
glow   point   sooner   than   that   which   was   not   dampened.      In   this 
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Pig.  11.      Effect  of  High  Moisture  on  Heating  Curve 
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experiment  the  coal  showed  an  unusual  tendency  to  flame  before  the 
glow  point  was  reached.  Several  trials  had  to  be  made  before  the 
glow  point  could  be  obtained  prior  to  the  flame.  It  would  seem, 
therefore,  that  there  is  some  weight  to  the  contention  that  better 
combustion  is  obtained  from  coal  which  has  been  previously  moistened. 
Certainly  in  these  experiments  the  moistened  coal  was  more  inflam- 
mable. 
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IX.     Results  and  Discussion 

30.  Tests  on  Ten  Different  Coals. — In  addition  to  the  standard 
coal  ten  different  coals  were  tested  and  their  glow  points  determined 
as  shown  in  Table  12. 

Table  12 
Glow  Points  of  Coals  Tested 


Coal  from 


Glow  Points 


Average 


I  )ifferenee 

in    I  ){•;■ 

from 
Average 


Herrin,  Williamson  County 

Georgetown,  Vermilion  County.    .  . 

Bennett  Station,  Vermilion  County 
Old  Ben  No.  8 

Lignite,  Manitoba,  Canada 

Castle  Gate,  Utah 

Lovington,  Moultrie  County 

Lincoln,  Logan  County 

Anthracite,  Pennsylvania 

Coke .' 


Deg.  C. 

433 
4.51 
437 
453 
453 
466 
451 
498 
494 
526 
525 
512 
535 
522 
520 
535 
524 
525 
526 
534 
559 
557 
598 
598 
605 
607 
607 
605 


Deg.  F. 

811 

844 

819 

847 

847 

871 

844 

928 

921 

979 

977 

954 

995 

972 

968 

995 

975 

977 

979 

993 
1038 
1035 
1108 
1108 
1121 
1125 
1125 
1121 


Deg.  C. 
440 


496 
521 

526 

528 

530 
558 
000 

606 


Deg.  F 

824 

852 

925 
970 

978 

982 

986 
1036 
1112 

1123 


Deg.  C. 

—7 
11 
—3 
—3 
—3 
10 
—5 

2 
—2 

5 

4 
—9 

9 
—4 
—6 

7 
—4 
—3 

4 

1 

— 1 

—2 

— 2 

5 

1 

1 

—1 


The  average  glow  points  shown  in  Table  12,  with  the  excep- 
tion of  those  for  anthracite  and  coke,  show  no  apparent  relation 
between  the  glow  point  and  the  liability  to  fire  while  in  storage.  For 
example  the  lignites  and  the  coal  from  Castle  Gate,  Utah,  which  acts 
very  much  like  a  lignite  in  coking  experiments,  both  have  a  com- 
paratively high  glow  point,  whereas  the  coal  from  Herrin,  Williamson 
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County,  Illinois,  which  ordinarily  shows  qo  unusual  tendency  to  fire 
while  in  storage,  lias  the  lowest  glow  point  of  all  the  coals. 

31.  Determination  of  Various  Clow  Points. — So  far  in  these 
experiments  no  attempt  had  been  made  to  determine  the  oxygen  of 
the  coals  nor  the  amount  of  oxj'gen  absorbed  after  the  coal  was  mined. 
It  had  been  attempted  simply  to  develop  a  method  for  the  determina- 
tion of  ignition  temperatures  and  to  show  that  this  method  would 
give  consistent  results.  Wheeler  had  shown  that  relative  ignition 
temperature  varied  with  the  total  oxygen  content.  Before  making 
any  positive  statements,  therefore,  particularly  concerning  the  rela- 
tion between  the  glow  point  and  the  tendency  to  fire  in  storage,  it 
was  necessary  to  make  a  series  of  tests  determining  the  glow  point  of 
the  same  coal  both  freshly  mined  and  after  it  had  been  exposed  to 
the  action  of  oxygen  for  various  periods. 

Coal  No.  1. 

(Herrin- Watson  Coal  Co.,  Herrin,  Williamson  County,  Illinois.) 

This  coal  had  the  lowest  glow  point  temperature  of  any  of  the 

coals  tested.      Three   runs   were   made   on  the   14-%-in.   size,   giving 

results  as  shown  in  the  table.     The  heating  curve  showed  no  unusual 

characteristics  and  is  not  included. 

Coal  No.  2. 
(Sharon  Coal  Company,  Georgetown,  Vermilion  County,  Illinois.) 
In  taking  the  heating  curve  of  this  coal  it  was  observed  that 
apparently  strong  exothermic  reactions  were  taking  place  before  the 
glow  appeared.  In  order  to  be  sure  of  this  fact  and  to  see  how  nearly 
the  heating  curves  could  be  duplicated,  a  second  curve  was  taken  on 
this  coal.  The  two  heating  curves  plotted  against  the  furnace  heating 
curve  are  shown  in  Fig.  12. 

Coal  No.  3. 
(Bennett  Station,  Vermilion  County,  Illinois.) 
The  peculiarity  of  this  coal  may  be  seen  in  the  heating  curve. 
Fig.  13,  which  displays  rather  unusual  evidence  of  exothermic  reac- 
tions before  the  glow  point  is  reached.  In  this  particular  coal  the 
glow  appears  on  a  rather  steep  portion  of  the  curve,  whereas  in  mosl 
of  the  other  samples  the  glow  point  marks  a  flattening  of  the  curve 
rather  than  a  steeper  inclination. 
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Fig.  12. 


Heating   Curves   of   Coal   No.   2,   Showing   Similarity 
ok  Curves   for   Consecutive  Runs 
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Fig.  13.    Heating  Curve.  Coal  No.  3 
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Coal  No.  4. 
(Old  Ben  Corporation,  Mine  No.  18,  Johnson  City,  Illinois.  I 
This  coal  was  used  in  the  experiments  to  show  the  effect  of  high 
ash  and  high  moisture  on  the  heating -curve.     The  heating  curve  may 
be  seen  in  Figs.  10  and  11. 


Coal  No.  5. 
(Lignite  from  Manitoba,  Canada.  Heating  Curve,  Fig.  14.) 
Up  to  a  temperature  of  about  150  deg.  this  curve  is  comparatively 
fiat,  as  could  be  expected  from  the  nature  of  the  coal.  During  this 
range  moisture  and  other  volatile  matter  requiring  heat  for  vaporiza- 
tion were  being  driven  off.  After  this  process  was  complete,  however, 
there  was  a  large  discrepancy  in  temperature  between  the  coal  and 
the  furnace;   consequently  the  coal  heated  rapidly  to  the  glow  point. 
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Coal  No.  6. 

(Bituminous  Coal.     Castle  Gate,  Utah.    Heating  Curve,  Fig.  15.) 

In  coking  experiments  made  under  the  direction  of  Professor  Parr 
this  coal  acted  very  much  as  a  Lignite.  The  moisture  content,  however, 
is  only  3.5  per  cent,  which  is  much  less  than  thai  of  lignite;  conse- 
quently the  lower  range  of  the  curve  does  ao1  show  the  flattening 
tendency  thai  is  apparent  in  the  lignite  curve.  As  may  he  seen  in 
Table  12,  the  glow  point  of  this  coal  was  practically  the  same  as  thai 
of  the  lignite. 
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Coal  No.  7. 
(Lovington,  Moultrie  County,  Hlinois.     Seating  Curve.  Pig.  16.) 

Coal  No.  8. 

Lincoln.   Logan  County,   Illinois.     Healing-  Curve.  Pig.  17.) 
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Fig.  16.     Heating  Curve,  Coal  No.  7 
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Coal  No.  9. 
(Anthracite.  Pennsylvania.  I 
The  glow  point  of  this  coal  was  much  higher  than  any  of  the 
bituminous  eoal  or  the  lignite,  as  might  he  expected  if  the  glow  point 
is  any  criterion  of  ignition  temperature.  The  heating  curve  as  shown 
in  Fig.  18  is  an  extremely  smooth  curve  from  the  lower  temperatures  to 
the  glow  point,  showing  no  exothermic  reactions  because  of  the  rela- 
tively small  amount  of  volatile  matter  present.  As  the  heating  of 
anthracite  coal  to  the  glow  point  was  more  a  process  of  furnishing  heat 
to  a  substance  with  a  definite  specific  heat  than  heating  something 
which  contains  certain  volatile  constituents  requiring  heat  for  their 
vaporization,  its  heating  curve  more  nearly  parallels  that  of  the  empty 
furnace.  To  be  sure  at  a  temperature  of  about  200  deg.,  anthracite 
began  to  furnish  heat  and  its  heating  curve  to  gain  on  the  furnace 
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curve,  1  >i 1 1  this  gain  is  no1  as  abrupl  nor  as  well  marked  as  in  the 
case  of  the  higher  volatile  substances  illustrated  in  the  previous 
diagrams.  It  is  more  apparent  than  ever  in  this  heating  curve  and 
in  that  of  coke,  Fig.  19,  that  the  glow  point  was  merely  an  incident  in 
this  heating  and  did  not  mark  a  noticeable  change  in  the  heating  rate. 


Coke. 

(Heating  Curve,  Fig.  19.) 
This  heating  curve  is  even  smoother  and  closer  to  the  curve  of 
i  he  furnace  than  thai  for  anthracite.     However,  at  approximately  the 
same  temperature,  200  deg.,  self-heating  began,  causing  a  gain  in  the 
coke  heating  curve  over  the  furnace  curve. 
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X.     Conclusions. 
32.     Summary. — 

(1)  The  "Ignition  Temperature''  of  coal  means  nothing 
unless  it  is  applied  to  some  definite  point  in  the  process  of  heating 
the  coal,  which  can  easily  he  determined  and  duplicated. 

(2)  The  temperature  at  which  the  coal  glows  seems  to  be  the 
most  logical  point  to  choose  as  the  ignition  temperature.  Jl  is 
easily  observed,  can  be  duplicated  with  a  fair  degree  of  accuracy, 
and  marks  the  beginning  of  visible  combustion. 

(3)  The  glow  point  is  probably  affected  by  the  oxygen 
content  of  the  coal,  and  perhaps  by  other  agencies  made  active 
by  weathering. 

(4)  The  glow  point  is  not  affected  by  ash,  moist u re,  size  of 
particles,  slight  variations  from  the  normal  air  supply,  or  rate 
of  heating. 

(5)  There  is  no  indication  at  present  that  the  glow  point 
bears  any  direct  relation  to  the  liability  to  fire  while  in  storage. 
Perhaps  if  a  series  of  tests  were  made  on  the  glow  points  of  freshly 
mined  coal  new  information  would  be  brought  to  light  which 
would  lead  to  the  discovery  of  some  more  definite  relation  between 
glow  point  and  the  firing  qualities  of  the  coal. 
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AN   INVESTIGATION   OF   THE   PROPERTIES    OF 
CHILLED  IRON  CAR  WHEELS 

PART  I.     WHEEL  FIT  AND  STATIC  LOAD  STRAINS 

I.     Introduction 

1.  Preliminary. — The  ear  wheel  is  one  of  the  important  factors 
which  have  made  possible  the  great  development  of  transportation 
facilities  that  has  occurred  within  the  past  seventy  years.  Although 
during  this  time  many  types  of  car  wheels  have  been  utilized,  only  five 
have  come  into  common  use,  thus  demonstrating  their  general  fitness  to 
meet  the  severe  service  conditions  now  existing.  These  five  types  are 
the  rolled  steel  wheel,  the  forged  steel  wheel,  the  cast-steel  wheel,  the 
built-up  wheel,  and  the  chilled  iron  wheel.  The  first  three  types  are 
manufactured  by  processes  and  of  materials  indicated  by  their 
names.  The  built-up  wheel,  as  the  name  suggests,  consists  of  either 
a  spoked  wheel  of  cast-iron,  or  a  disc,  upon  the  periphery  of  which  is 
attached  a  tire  of  rolled  steel. 

The  chilled  iron  wheel  is  essentially  a  cast-iron  wheel  whose 
tread,  or  that  part  of  the  wheel  which  comes  in  contact  with  the  track, 
consists  of  an  extremely  hard  metal  capable  of  resisting  both  excessive 
deformation  and  wear,  while  the  remainder  of  the  wheel  consists 
of  relatively  soft  and  easily  machined  cast-iron.  The  hardened  tread 
is  produced  by  chilling  the  outer  circumference  or  tread  of  the  wheel 
when  the  metal  is  poured.  A  more  detailed  description  of  the  chilled 
iron  wheel,  with  such  additional  information  regarding  its  manu- 
facture and  properties  as  may  be  of  service  in  the  interpretation  of 
the  results  of  this  investigation,  is  presented  in  Appendix  A,  page  75. 
In  service,  the  use  of  the  built-up  wheel  is  confined  almost  wholly  to 
passenger  coaches,  locomotives,  and  tenders,  whereas  the  rolled, 
forged,  and  cast-steel  wheels,  and  the  chilled  iron  wheel  are  in  use 
under  locomotive  tenders,  passenger  coaches,  and  freight  cars.  For 
various  reasons  the  use  of  steel  wheels  predominates  in  passenger 
service,  while  the  relative  cheapness  of  chilled  iron  wheels,  together 
with  certain  other  advantages  they  possess,  makes  their  use  almost 
universal  for  freight  service. 
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Seventy  years  of  transportation  history  show  a  very  great 
increase  in  car  capacity,  and,  as  a  consequence,  greatly  increased  wheel 
loads  both  in  freighl  and  in  passenger  service;  yet  the  same  period 
of  time  does  no1  show  a  proportionate  increase  in  the  size  and 
presumably  in  the  strength  of  the  car  wheels  used,  a  fact  which  is 
especially  true  witli  relation  to  the  chilled  iron  car  wheel  used  in 
freight  service.  As  an  example,  the  wheel  load  in  freight  car  service 
has  increased  from  5  000  lbs.  on  the  10-ton  capacity  car  of  1870,  to 
25  000  lbs.  on  the  70-ton  capacity  ear  of  the  present  time,  an  increase 
of  400  per  cent.  During  the  same  time  the  weighl  of  the  wheel  has 
been  increased  from  525  His.  for  the  5  000-lb  wheel  load  to  850  lbs. 
for  the  25  000-lb.  wheel  load,  or  an  increase  of  (i()  per  cent.  From 
comparisons  of  this  kind  it  is  evident  that  increase  in  wheel  load  has 
not  been  accompanied  by  a  corresponding  increase  in  the  weight  of 
the  wheel.  As  the  chilled  wheel  of  today  is  carrying'  the  imposed 
loads  with  a  low  percentage  of  failures,  it  seems  evident  that  unduly 
large  factors  of  safety  may  have  been  present  in  the  earlier  period. 
Furthermore,  the  conclusion  may  he  drawn  that,  if  the  policy  of 
increasing  wheel  loads  continues  without  providing  proportionate 
increase  in  wheel  weight,  a  time  will  eventually  arrive  when  the 
wheel  no  longer  can  withstand  the  imposed   loadings. 

Considering  the  relatively  small  amount  of  trouble  that  cai 
wheels  in  general  have  given  heretofore,  and  referring  in  particular 
to  the  chilled  iron  wheel,  it  is  not  surprising  to  find  that  but 
little  experimental  work  has  keen  done  with  regard  to  car  wheel 
problems.*  As  a  consequence,  the  stresses  and  strains  in  car  wheels 
due  to  various  service  conditions  have  been  Largely  a  matter  of  specu- 
lation and  conjecture,  based  mainly  on  the  relatively  small  amount  of 
information  available  from  failures  id'  wheels  in  service.  By  a  careful 
analysis  of  these  failures,  railroads  and  wheel  manufacturers,  inde- 
pendently at  first,  then  in  small  groups,  and  later  in  conjunction  with 
the  Master  Car  Builders  Association,  have,  with  comparatively  slight 
changes  in  design  and  through  moderate  additions  of  metal,  been 
able  to  produce  wheels  which  have  at  all  times  satisfied  service  require- 
ments. 


*  Report  of  Test-;  to  Determine  the  Stress  in  tin1  Plate  of  Cast  Iron  Wheels  Due  to  the 
Heat  Produced  by  the  Brake  Shoe.  L.  E.  Kndslev.  Proc.  West.  Ry.  Club.  p.  I'M.  .Mar. 
27,   10]  l. 

Standardization    of    Chilled     Iron    Crane    Wheels.       \\     K.     Vial.       Proc.     A.     S.     M.     E., 
Dec.     HM1. 
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Owing  to  the  desirability  of  obtaining  definite  information  con- 
cerning the  magnitude  and  distribution  of  stresses  in  chilled  car 
wheels  and  of  determining  the  limitations  of  these  wheels  as  used 
toda.y,  and  with  a  further  view  of  improving  the  chilled  iron  wheel 
in  order  to  meel  future  requirements,  a  cooperative  agreemenl  was 
entered  into  by  the  Association  of  Manufacturers  of  Chilled  Car 
Wheels  and  the  University  of  Illinois.  Essentially  the  agreemenl 
provided  that  the  Association  furnish  funds  for  all  special  equip- 
ment required  and  defray  all  expenses  incident  to  carrying  on  the 
investigation,  and  that  through  its  Engineering  Experiment  Station. 
the  University  conduct  the  research,  provide  the  use  of  available  labora- 
tories, shops,  and  office  facilities,  and  publish  a  report  of  the  results. 
The  principal  items  of  the  agreement  are  presented  in  Appendix  C, 
page  !»4.  After  the  approval  of  the  agreement,  committees  under 
whose  direction  the  work  should  be  carried  on  were  formed,  and  a 
conference  was  held  in  March,  1!»1<>,  at  which  a  tentative  program  was 
laid   out. 

2.  Scope  of  Investigation.— The  original  program  was  re- 
vised and  extended  at  various  times  until  it  has  embraced  tests  to 
determine : 

(1)  the  strains  caused  by  mounting  the  wheel  on  its  axle; 

(2)  the  strains  caused  by  the  static  or  wheel  loads; 

(3)  the  ultimate  breaking  strength  of  flanges,  and  strains 
caused  by  flange  pressure; 

(4)  the  strains,  due  to  temperature  gradients  in  the  wheel, 
caused  by  brake  applical  ion  ; 

(5)  incidental   problems  related  1<>  the  above. 

The  present  bulletin  gives  the  results  of  a  series  of  strain-gage 
tests  in  connection  with  the  items  (1)  and  (2)  jusl  mentioned;  thai 
is,  tests  made  to  determine  the  strains  produced  within  the  wheel  by 
mounting  it  on  ils  axle,  and  by  the  application  of  wheel  loads. 
The  strain  within  the  wheel  caused  by  forcing  it  on  an  axle  was  first 
determined  for  two  33-in.  725-lb.  M.  C.  B.  wheels.  The  same  pair 
of  mounted  wheels  was  then  subjected  to  static  loads  ranging  from 
20  000  to  200  000  lbs.  per  wheel,  and  the  resulting  strains  noted.  The 
loading  effect  was  produced  by  applying  the  load  to  the  axle  by  means 
of  a  testing  machine,  and  allowing  the  wheels  to  transmit  it   to  a  pair 
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of  rails,  the  conditions  being  similar  to  those  found  in  service.  A 
similar  set  of  tests  was  carried  out  with  a  pair  of  33-in.  740-lb.  Arch 
Plate  type  of  wheels.  Additional  tests  for  the  purpose  of  obtaining 
more  complete  information  concerning  the  mounting  strains  than 
was  given  by  the  above  mentioned  tests  were  then  made  upon  a  pair 
of  33-in.  725-lb.  M.  C.  B.  wheels.  The  reporting  of  the  results  of 
the  mounting  and  static  tests  upon  the  wheels  just  mentioned  is  the 
purpose  of  the  present  bulletin.  It  is  intended  to  publish  additional 
reports  dealing  with  tests  to  determine  the  ultimate  strength  of  flanges, 
the  effect  of  flange  pressure,  and  the  effect  of  brake  applications, 
together  with  the  related  problems  of  brake  friction  and  the  thermal 
expansion  of  cast-iron. 

3.  Acknowledgments. — The  Association  of  Manufacturers  of 
Chilled  Car  Wheels  appointed  George  W.  Lyndon  and  F.  K.  Vial, 
President  and  Consulting  Engineer,  respectively,  of  the  Association, 
as  a  committee  to  assist  in  promoting  the  investigation.  In  addition 
to  the  financial  help  given  by  the  Association,  the  investigation  owes 
much  to  the  assistance  rendered  by  this  committee  in  the  way  of 
technical  advice,  helpful  interest,  and  effective  cooperation  throughout 
the  progress  of  the  work.  The  Engineering  Experiment  Station  of 
the  University  of  Illinois  appointed  Edward  C.  Schmidt,  Professor 
of  Railway  Engineering,  and  Arthur  N.  Talbot,  Professor  of  Munic- 
ipal and  Sanitary  Engineering,  as  a  committee  in  charge  of  the  investi- 
gation. Professor  Schmidt  withdrew  from  the  University  to  enter  the 
United  States  Military  Service  during  the  late  war,  and  was 
replaced  on  this  committee  by  John  M.  Snodgrass,  Professor  of  Rail- 
way Mechanical  Engineering.  In  the  direction  of  the  investigation 
this  committee  has  had  frequent  conferences  with  the  committee  of  the 
Association  of  Manufacturers  of  Chilled  Car  Wheels. 

The  greater  part  of  the  experimental  work  was  carried  on  by 
F.  H.  Guldner,  who  became  connected  with  the  work  a  few  months 
after  its  inception.  R.  E.  Turley  and  0.  S.  Beyer,  Jr.,  both  of  whom 
were  connected  with  the  experimental  work  during  the  earlier  part 
of  the  investigation,  did  much  in  the  way  of  developing  methods, 
making  some  early  tests,  and  getting  the  work  under  way.  The  com- 
mittees are  further  indebted  to  H.  F.  Moore,  Professor  of  Engineering 
Materials  at  the  University  of  Illinois,  for  his  assistance  and  advice 
upon  various  matters  relating  to  the  investigation. 
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II.     Problem  of   Car  Wheel  Under  Load 

4.  General  Statement  Concerning  'Wheel  Loading. — A  car  wheel 
in  service  is  subjected  to  conditions  which  produce  stress  within  the 
wheel.  These  stress-producing  conditions  may  exist  in  a  great  variety 
of  combinations,  and  give  rise  to  stresses  of  a  more  or  less  complex 
nature.    The  principal  causes  of  stress  in  a  car  wheel  are : 

(1)  manufacturing    processes,    which    may    cause    initial 
stresses ; 

(2)  forcing  the  wheel  on  the  axle,  or  mounting; 

(3)  the  proportion  of  the  car  loading  supported  by  one 
wheel ; 

(4)  the  lateral  pressure  on  the  wheel  flanges  produced  by 
rounding  curves,  by  wind,  or  by  the  unevenness  of  the  track; 

(5)  non-uniform  temperatures  in  the  wheel  caused  by  brake 
application ; 

(6)  centrifugal  force,  when  the  speed  is  high. 

Rotation,  moreover,  complicates  the  problem  still  further  by  intro- 
ducing impact  and  repeated  stresses. 

Important  initial  stresses,  if  existent,  can  be  traced  to  improper 
manufacture.  The  process  of  annealing*  has  for  its  object  the 
elimination  of  this  type  of  stress,  and,  if  it  is  properly  performed, 
either  removes  the  initial  stresses  entirely  or  reduces  them  to  small 
magnitude.  Concerning  the  magnitude  and  distribution  of  this  type 
of  stress,  relatively  few  definite  data  exist,  t 

After  being  cast,  the  wheel  is  bored  slightly  smaller  than  its  axle 
and  forced  upon  it.  In  general,  this  mounting  of  the  wheel  on  its 
axle  produces  compression  in  radial  directions  and  tension  in  tangential 
directions  throughout  the  entire  wheel.  The  intensity  of  these  stresses 
is  greatest  at  the  bore  and  decreases  toward  the  tread  until  the  inter- 
section of  the  inner  and  outer  plates  is  reached,  at  which  point  there 
may  be  a  slight  increase  in  magnitude,  beyond  which  a  decrease  again 
occurs.  At  the  rim  or  tread  of  the  wheel  these  stresses  become  neg- 
ligible. 

*  See  Appendix  A,   p.   45. 

tlnterstate  Commerce  Commission.  Report  of  the  Chief  of  the  Bureau  of  Safety,  Covering 
the  Investigation  of  an  Accident  which  Occurred  on  the  New  York  Central  Railroad  near 
Waterloo,    Indiana,   March   21,    1917,   pp.   8-10. 
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Od  being  placed  in  service,  the  wheel  doubtless  encounters  con- 
ditions that  produce  an  exceedingly  complex  stress  distribution  within 
it.  The  static  load,  or  proportional  pari  of  the  total  weight  of  the 
loaded  car,  is  transmitted  by  the  axle  to  the  wheel  and  through  it  to 
the  rail.  As  a  consequence,  tensile  and  compressive  stresses  of  vary- 
ing intensity  are  set  np  in  all  parts  of  the  wheel.  The  compressive 
stress  produced  by  the  static  load  is  at  a  maximum  on  the  radial 
line  connecting  the  center  of  the  wheel  and  the  point  where  the  rail 
is  in  contact  with  the  wheel.  No  general  statement  can  be  made  as 
to   where   the   actual    maximum   stress   occurs   on    this    radial    line. 

The  order  in  which  additional  stresses  occur  in  tin1  wheel  is 
necessarily  determined  by  the  conditions  under  which  the  wheel  is 
operating.  Lateral  pressure  on  the  wheel  flange  when  rounding  a 
curve  adds  to  or  modifies  stresses  already  existing  in  the  wheel.  Both 
the  static  load  and  flange  thrust  stresses  may  be  considerably  aug- 
mented by  impact,  as  in  the  case  when  heavily  loaded  cars  operate  on 
imperfectly  aligned  track,  or  strike  guard  rails  and  crossings  at  high 
speed.  The  application  of  the  brakes  for  purposes  of  car  retardation 
generates  heat  that  must  be  dissipated  by  the  brake  shoe  and  the  wheel. 
Within  the  wheel  this  dissipation  of  heat  produces  unequal  tempera- 
tures or  gradients  between  different  points,  with  resultant  stresses.  If 
not  properly  handled  by  operating  men,  long  continued  brake  applica- 
tion, such  as  occurs  in  mountainous  regions,  may  occasion  abnormal 
stresses  and  be  a  source  of  trouble,  with  attendant  possibilities  of 
serious  disaster.  Centrifugal  force  or  a  hot  journal  may  play  a  part 
in  causing  undue  stress  within  a  wheel.  Due  to  rotation,  moreover, 
all  the  stresses  present,  excepting  initial  stresses  and  those  due  to 
mounting,  occur  as  repeated  stresses,  thereby  still  further  complicating 
t  he  genera]  problem. 

Of  the  more  important  means  of  producing  internal  stress  in  the 
wheel  it  may  be  generally  slated,  with  the  exceptions  subsequently 
noted,  that  the  mounting  of  the  wheel  and  the  static  load  tend  to 
produce  compressive  stresses  in  a  radial  direction,  which  stresses  may 
be  wholly  or  partially  relieved  or  even  reversed  by  tensile  stresses  due 
to  centrifugal  force  and  brake  application.  On  the  outer  face  of  the 
wheel  the  stresses  due  to  flange  thrust  are  cumulative  with,  while  on  the 
inner  face  they  are  opposed  to,  those  caused  by  centrifugal  force  and 
brake  application. 
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Throughout  the  investigation  the  attempt  lias  been  made  to 
simulate  service  conditions  in  the  methods  used  in  loading  the  wheels 
in  so  far  as  the  laboratory  facilities  would  permit.  In  addition  to 
this,  most  of  the  wheels  tested  were  subjected  to  conditions  exceeding 
in  severity  those  which  would  result  from  normal  wheel  service.  The 
wheels  tested  were  for  the  most  part  taken  at  random  from  the  stock 
of  the  Griffin  Wheel  Company,  and  are  assumed  to  be  representative 
of   their   respective    types. 

5.  Evaluation  of  Stresses  Existing  in  a  Loaded  Car  Wheel- -^ 
An  examination  of  the  section  of  a  chilled  car  wheel  indicates  that, 
for  purposes  of  analysis,  it  might  be  considered  as  a  series  of  curved 
plates  in  which  the  outer  edge  of  one  becomes  the  inner  edge  of  a 
succeeding  one,  or  vice  versa;  furthermore,  that  the  stresses  existent 
in  any  individual  section  would  be  a  function  of  those  occurring  in 
adjacent  sections.  Attempts  have  been  made  to  derive  the  theory 
underlying  curved  plates,  but  as  yet  no  satisfactory  analysis  has  been 
made.  Until  such  an  analysis  is  available  it  will  probably  be  impossible 
to  predict  the  intensity  or  distribution  of  stresses  in  a  car  wheel 
by  analytical  methods.  Hence,  when  it  becomes  either  necessary  or 
desirable  to  know  the  conditions  of  stress  in  a  shape  as  complex  as 
that  of  a  car  wheel,  an  experimental  method  aids,  although  it  does 
not  completely  succeed,  in  solving  the  problem. 

From  the  foregoing  it  can  be  seen  that  the  general  problem  is  a 
complex  one  and  that,  due  to  the  irregular  shape  of  the  wheel,  it 
cannot  at  present  be  satisfactorily  analyzed  by  theoretical  methods. 
Accordingly  the  attempt  has  been  made  to  determine,  as  far  as  is 
possible  by  experimental  methods,  the  individual  effects  caused  by 
the  principal  loads  producing  stress  in  a  car  wheel,  and  in  several 
cases  to  determine  their  eumulal  ive  or  combined  effeel .  Having  found 
the  individual  effects,  combinations  can  then  be  estimated  for  any 
assumed  operating  condition  with  greater  precision  than  has  hereto- 
fore been  possible. 

It  is  evident  that  the  problem  of  the  car  wheel  under  load  is  one 
of  compound  stress;  that  is,  stress  in  more  than  one  direction. 
Throughout  this  report  the  term  stress  has  been  used  to  indicate  the 
stress  which  would  exist  in  the  material  under  observation  if  subjected 
to  either  simple  tension  or  simple  compression,  and,  under  these 
conditions,  deformed  to  an  extent  equal  to  the  measured  strain.     The 
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strains  measured  in  these  investigations  constitute  the  fundamental 
data  taken,  and  these  measured  strains  are  for  the  most  part  due  to 
the  effect  of  more  than  one  stress  acting  within  the  material ;   that  is, 
they  are  due  to  compound  stress.     Concerning  compound  stress  there 
are  three  theories  more  or  less  generally  accepted,  none  of  which, 
however,  can  be  considered  wholly  acceptable  in  the  determination 
of  the  actual  stresses  existing  within  cast-iron  subjected  to  such  loads 
as  car  wheels   necessarily   carry.     These  three   theories   are   known 
respectively  as  the  maximum  shear,  the  maximum  stress,   and  the 
maximum  strain  theory.*    It  seems  safe  to  assume  that  the  maximum 
shear  theory  does  not  apply  to  cast-iron,  and  should  not  be  used  in 
connection  with  the  problem  in  hand.    The  application  of  the  maximum 
stress  theory  would  in  general  lead  to   a  lower   evaluation   of  the 
existing  stresses  than  would  an  application  of  the  maximum  strain 
theory.     The  computed  stresses  which  are  presented  and  discussed 
throughout   the   report    are    determined    from   the    measured    strains 
and  a  stress-strain  relation  determined  from  specimens  tested  under 
simple  tension  and  simple  compression.     As  reported,  therefore,  they 
are  not  in  general  the  stresses  which  exist  in  the  wheel,  and  may  not 
be  used  as  a  measure  of  the  resistance  developed  in  any  section  in 
the  way  that  a  simple  stress  is  used.    The  values  of  the  stress  are  given 
to  allow  the  reader  to  use  these  approximate  values  of  a  more  familiar 
concept  than  strain.     The  word  stress  has  throughout  the  discussion 
frequently  been  qualified  by  the  use  of  the  expression  ' '  corresponding 
simple"  when  referring  to  the  stresses  computed  from  the  measured 
strain  and  the  stress-strain  relation  used ;  and  this  expression  has  been 
used  to  call  attention  to,  and  to  emphasize  the  fact  that  the  stresses 
under  consideration  are  for  the  most  part  computed  from  measured 
strains   resulting    from    compound   stress    and    from    a   stress-strain 
relation  based  upon  simple  tension  and  compression. 

As  the  available  information  concerning  the  theories  does  not 
appear  to  indicate  definitely  that  any  of  them,  either  separately  or 
in  combination,  should  be  applied  in  the  case  of  cast-iron,  it  is  felt 
desirable  that  the  matter  of  the  actual  severity  of  these  stresses  should 
be  considered  as  held  in  abeyance  at  this  time.  The  report,  more- 
over, is  not  intended  to  present  figures  which  can  be  taken  as  exact 


*  For   a   brief   discussion    of   these    theories    see,       "The    Strength    and    Stiffness    of    Steel 
Under  Biaxial  Loading.''      Univ.  of  Til.   Eng.   Exp.   Sta.,   Bui.   85,    1915. 
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values  of  the  actual  stresses  existing  where  the  strains  from  which 
the  values  given  were  calculated  are  produced  by  compounded  stress. 
No  attempt  has  been  made  to  report  exact  values  for  the  stresses 
existing  in  the  wheels  under  conditions  of  actual  service,  as  this  report 
is  concerned  only  with  the  stresses  produced  through  two  kinds  of 
wheel  loading,  namely,  mounting  and  static  loading.  The  stresses 
resulting  from  these  two  forms  of  loading  may  be  materially  modified 
by  additional  stress-producing  factors  to  which  a  wheel  may  be  sub- 
jected in  service.  The  usual  stress  condition  produced  in  the  parts  of 
the  car  wheel  by  mounting,  and  through  the  application  of  static 
loads,  is  that  of  material  subjected  to  tension  in  one  direction  and 
compression  in  a  direction  at .  right  angles  thereto.  This  condition 
produces  a  deformation  or  strain  in  the  direction  of  either  stress, 
which  is  greater  than  would  be  produced  by  the  stress  in  that  direction 
acting  alone.  Any  estimates  regarding  factors  of  safety,  based  upon 
the  stresses  reported  for  the  mounting  and  static  load  tests,  and 
considered  as  applying  to  the  chilled  iron  wheel  or  its  parts,  could 
therefore  be  properly  considered  as  conservatively  estimated ;  that 
is,  if  the  actual  stresses  could  be  determined,  it  is  probable  that  this 
would  not  involve  a  reduction  in  the  estimated  values  of  the  factors 
of  safety,  but  would  rather  justify  increased  values  for  them.  In 
this  report  no  attempt  has  been  made  to  indicate  values  for  factors 
of  safety. 
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III.    Physical  Properties  of  Chilled  Car  Wheel  Irons 

(i.  Selection  and  Treatment  of  Specimens.— In  order  to  assisl 
in  interpreting  the  data  obtained  in  the  tests  made  on  the  car  wheels, 
;i  number  of  specimens  of  wheel  irons  were  taken,  both  from  wheels 
tested,  ;in<l  as  coupons  from  the  foundry  ladle.  Some  of  the  properties 
of  these  specimens  which  were  of  mosl  importance  to  the  investigation 
were  determined. 

In  general,  in  discussions  pertaining  to  Hie  strength  of  materials 
it  is  customary  to  consider  the  matter  in  terms  of  stress,  where 
stress  is  that  internal  force  which,  when  a  body  is  subjected  to  external 
forces,  tends  to  hold  the  molecules  in  their  original  relation  and  to 
preserve  the  integrity  of  the  body.  The  fundamental  data  obtained 
in  these  tests  were,  however,  strains  or  deformation  measurements. 
Hence,  to  facilitate  interpretation  of  the  strain  data  in  terms  of 
stress,  it  became  necessary  to  have  a  knowledge  of  the  stress-stain 
relation  of  the  metal  used  in  car  wheels.  This  relation  was  determined 
by  applying  a  known  load  to  the  metal  under  tesl,  and  measuring  the 
corresponding  elongation  or  contraction  ;  then,  by  calculation  from  the 
load  and  the  deformation,  were  obtained  the  stress  per  unit  area  and 
the  strain  per  unit  length,  respectively.  Measurement  of  the  strain, 
along  with  a  knowledge  of  the  relation  between  stress  and  strain, 
permitted  an  evaluation  of  the  stress  produced.  Accordingly  the 
stress-strain  data,  and  in  addition  the  ultimate  strength  and  modulus 
of  elasticity,  were  determined  for  the  car  wheel  and  coupon  specimens 
obtained.  Since  the  stress-strain  relation  is  dependent  largely  upon  the 
composition  of  the  metal,  chemical  analyses  were  made  to  determine 
total  carbon,  combined  carbon,  silicon,  manganese,  phosphorous,  and 
sulphur.  Hardness  tests,  both  by  the  Brinell  method  and  with  the 
sclerose ipe,  were  also  made  in  an  attempt  to  associate  the  quality  of 
hardness  with  other  properties  of  the  metal.  The  origin,  shape,  and 
treatment  of  the  specimens,  together  with  the  results  of  the  chemical 
and  physical  tests,  are  shown  in  Table  1  and  in  Figs.  1  to  5  inclusive. 

On  account  of  the  irregular  shape  of  the  wheel  (see  Fig.  1, 
<i  and  h)  in  the  region  between  the  hub  and  the  inner  side  of  the  tread, 
it  was  difficult  to  remove  specimens  of  any  considerable  length.  For 
this  reason  the  specimens  removed   from   the  wheel   and  used   for  the 
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Table  1 
Physical  and  Chemical   Properties  of  Car   Wheel  Irons  and  Coupons 
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Fig.  1.     Origin  of  Test  Specimens  as  Cut  from   Wheels 
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-  /O  Thr'ds  per  fn.  - 
(a)-  Tension  Spec/men  fro/77 
33/n,  725/6.  Whee/  /.25/n  Gage 
Length 


(bJ- Compress/on  Spec /men, 
fro/7? 33 in,  725/6.  Whee/.  i.25in 
Gage  I  eng/h. 


-iO  Threads  per /h. 

(c)  -  Tens/on  Specimen?  fro/??  Whee/s  No.  i6i29  and  A/o.  22/2/ 
and 'fro/77  Coupons.  2.0/r?.  Gage  Length. 


-8  Threads  per  /hch 
(d) -Tension  Spec///? en. 

Fig.  2.     Details  op  Test  Specimens 


tension  tests  did  not  conform  to  the  dimensions  recommended  by  the 
American  Society  for  Testing'  Materials.  The  treatment  to  which  the 
specimens  were  subjected  varied.  In  the  case  of  specimens  taken  from 
the  wheel,  the  removal  was  made  after  the  wheel  had  been  cooled  or 
annealed,  as  shown  in  the  table.  The  coupons  were  cast  in  sand  molds, 
and  were  either  allowed  to  cool  in  the  sand,  or.  after  solidification, 
were  placed  in  the  pil  with  the  wheel  they  represented.  The  number  of 
specimens  already  tested  is  small,  but  it  is  hoped  that  in  time  a 
sufficient  number  of  like  specimens  may  be  subjected  to  tests  so  thai 
a  more  complete  study  of  the  physical  properties  of  car  wheel  irons 
may  be  made. 
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Fiu.  3.    Stress-Strain  Relation  for  Wheel  Irons  and  Coupons  (Tension) 
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16000 


0.0002A    k-  Unit  Strain,  inches  per  inch 

Fig.  4.     Stress-Strain  Eelation  for  Wheel  Iron  Coupons  (Tension) 
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7.  Chemical  Analyses. — The  chemical  analyses  were  made  in  the 
laboratory  of  the  Griffin  Wheel  Company.  Chicago.  The  amounts 
of  the  various  elements  present  in  the  specimens  are  shown  in  Table  1 
and  are  expressed  in  per  cent. 

8.  Stress-Strain  Relation.-    For  these  determinations  a  100000-lb. 

Riehlc  Universal  Testing  machine,  using  spherical  sealed  holders  or 
hearing  blocks,  was  used.    The  machine  was  stopped  for  readings. 

A  Ewing  extensometer  reading  directly  to  0.000071  in.  per  in., 
made  by  the  Cambridge  Instrument  Company,  was  used  in  measuring 
the  strains  on  the  specimens  shown  in  Fig.  2,  a  and  b.  For  the  2-in. 
specimens  an  extensometer  reading  directly  to  0.000025  in.  per  in. 
was  used,  and  for  the  8-in.  specimens  an  instrument  reading  directly 
to  0.000062  in.  per  in.*  The  modulus  of  cast-iron  being  a  variable, 
it  was  thought  that  the  secant  modulus!  corresponding  to  a  stress  of 
5  000  lbs.  per  sq.  in.  would  permit  suitable  comparison,  and  the  moduli 
are  thus  reported. 

As  no  two  of  the  specimens,  even  when  cu1  from  the  same  wheel. 
gave  identical  stress-strain  relations,  and  as  it  would  obviously  be 
impractical  1o  cut  a,  test  specimen  from  each  of  the  positions  in  the 
wheel  at  which  the  strains  were  measured,  it  was  necessary,  in  order 
to  evaluate  the  stress  from  the  strains  as  measured  on  the  car  wheel, 
to  deduce  two  stress-strain  curves  which  might  be  assumed  to  be 
representative  of  wheel  iron  in  tension  and  in  compression,  respectively. 
For  this  purpose,  the  results  for  the  13  tension  specimens,  Bx  to  F0 
inclusive,  (see  Table  1)  were  averaged,  and  from  the  mean  a  curve 
was  drawn.  In  a  similar  way  the  mean  compression  stress-strain  curve 
was  obtained  from  the  12  compression  specimens,  Ex  to  CG  inclusive. 
As  stated  above,  these  two  curves,  Fig.  6,  were  assumed  to  show,  re- 
spectively, representative  tensile  and  compressive  stress-strain  relations 
for  chilled  wheel  irons,  and  are  the  curves  upon  which  the  stresses  here- 
after given  are  based. 

9.  Hardness. — The  hardness  by  the  scleroseope  method  was 
determined  with  a  Shore  scleroseope  made  by  the  Shore  Instrument 

*  An  illustration  of  the  latter  two  instruments  is  shown  in  "The  Relation  between  the 
Elastic  Strength  of  Steel  in  Tension  Compression  and  Shear."  Univ.  of  111.  Knjj.  Exp.  Sta., 
Bui.   115,  Fig.  4,  p.  12,   1919. 

t  Secant  modulus  is  defined  as  the  slope  of  a  straight  line  connecting  the  origin  »f  the 
stress-strain  curve  and  some  arbitrarily  chosen  point  on  the  curve,  the  curve  itself  being 
plotted  with  unit  stress  as  ordinates  and  unit  strains  as  abscissae. 
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Fig.  6. 


Assumed  Mean  Stress-Strain  Relation  for  Chilled 
"Wheel  Irons  Used  in  Evaluation  of  Stress 


and  .Manufacturing  Company.  This  instrument  measures  the  hardness 
by  the  measured  rebound  of  a  small  weight  carrying  a  blunt  diamond 
which  is  dropped  from  a  fixed  height  (vertically)  on  the  material. 
The  scleroscope  data  given  in  Table  1  represent  the  mean  value  of  10 
leadings  taken  on  each  specimen.  The  apparatus  used  for  the  BrineU 
tests  was  manufactured  by  Aktiebolaget  Alpha,  of  Stockholm,  Sweden. 
This  test  consists  of  forcing,  under  a  definite  pressure,  a  hardened 
steel  ball  of  definite  size  into  a  flat  plate  of  the  material  to  be  tested, 
and  measuring  the  diameter  of  the  indentation.  The  BrineU  hard- 
ness is  a  function  of  the  diameter  of  the  indentation  thus  made.  In 
the  case  of  the  tabulated  BrineU  data,  they  are  the  average  of  3  or  4 
observations  using  a  12-mm.  ball  with  a  pressure  of  3000  kg.  for  30 
sec.  The  average  hardness  shown  by  the  36  samples  cut  from  the 
wheel,  Fig.  la,  at  various  distances  from  the  center  of  the  wheel  is 
eriven  in  Fiy;.  7. 
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10.  General  Remarks  Concerning  Properties  of  Chilled  Wheel 
Irons. — It  is  recognized  that  proper  application  of  chemical  knowledge 
in  the  work  of  the  wheel  foundry  has  been  an  important  factor  in 
enabling  the  chilled  iron  wheel  to  meet  the  demands  of  modern  railway 
operation.  As  a  result  car  wheel  manufacturers  maintain  chemical 
laboratories  and  control  the  chemical  composition  of  wheels  within 
fairly  well  defined  limits.  The  railroads,  however,  with  a  few  excep- 
tions, do  not  embody  chemical  control  in  their  specifications,  but  rely 
almost  wholly  on  the  results  of  physical  tests  in  the  acceptance  of 
wheels.*  Inspection  of  Table  1  shows  that  the  chemical  composition 
varies  at  different  positions  within  the  wheel.  For  instance  in  Table  1 
the  specimens,  B2  to  C6  inclusive,  as  removed  from  the  plate  of  the 
wheel  shown  in  Fig.  la,  show  the  following  range  in  the  percentage  of 
the  several  elements: 


Specifications  for  Cast-iron  Car  Wheels.    Proc.  M.  C.  B.  Assn.,  Vol.  52,  p.  490.    1918 
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Per  Cent 

Total  Carbon    3.52     to  3.79 

Combined  Carbon (J. 30     to  0.82 

Silicon 0.55     to  0.61 

Manganese 0.59     to  0.67 

Phosphorous 0.337  to  O.o?:; 

Sulphur   0.204  to  0.227 

With  respect  to  the  importance  or  effect  of  these  variations  no  eon- 
elusions  have  been  reached.  For  the  same  specimens  the  Brinell 
hardness  varied  from  110  to  151.  while  the  seleroscope  hardness  ranged 
from  30.0  to  40.1.  The  secant  modulus  of  elasticity  of  the  several 
specimens  had  a  minimum  value  of  15  000  000.  whereas  the  maximum 
value  was  28  000  000  lb.  per  sq.  in.  An  appreciable  variation  from 
23  300  to  29  500  lb.  per  sq.  in.  likewise  existed  in  the  ultimate  strength 
of  the  specimens  when  they  were  tested  in  tension.  In  compression, 
the  ultimate  strength  ranged  from  62  500  to  82  900  lb.  per  sq.  in. 
In  the  three  specimens  cut  from  wheel  No.  22  121,  the  average  ultimate 
tensile  strength.  32  700  lb.  per  sq.  in.,  is  approximately  23  per  cent 
greater  than  the  average,  26  620  lb.  per  sq.  in.,  found  in  t he  wheel 
represented  by  specimens  B2  to  B(.  inclusive.  Considering  the  im- 
portant effect  that  tension  plays  in  the  failure  of  cast-iron,  it  would 
seem  desirable  to  produce  wheels  having  a  high  ultimate  strength  in 
tension,  that  is,  having  the  property  of  toughness,  provided,  of  course, 
this  could  be  done  without  materially  affecting  the  hardness,  or  the 
wearing  qualities  of  the  metal  in  contact  with  the  rail. 

If  all  the  specimens  given  in  Table  1  are  considered,  a  varia- 
tion of  100  per  cent  between  the  minimum  and  maximum  moduli  of 
elasticity  in  tension  is  seen  to  exist.  A  similar  condition  also  exists 
with  respect  to  the  values  of  ultimate  strength  which  arc  reported. 
The  compression  data  likewise  show  considerable  variation  in  the 
moduli  and  in  the  ultimate  strengths  recorded.  This  suggests  that  the 
metallurgy  of  wheel  irons  still  offers  a  fertile  field  for  improvement 
in  quality,  in  order  that  wheels  may  meet  the  probable  demands  of 
future  railway  service. 

No  distinct  relation  was  found  between  the  ultimate  tensile 
strength  and  the  Brinell  or  seleroscope  hardness,  nor  could  a  constant 
relation  be  determined  between  the  Brinell  and  seleroscope  hardness. 
This  latter  fact  is  readily  apparent  from  inspection  of  Fig.  7.     Over 
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the  distance  4  to  14  in.  from  the  center  of  the  wheel,  the  ratio  of 
Brinell  to  scleroscope  hardness  is  approximately  115  to  36  or  3.2, 
whereas  at  a  radius  of  16.5  in.,  that  is,  on  the  tread  of  the  wheel,  this 
ratio  is  5.3.  This  figure  also  strikingly  indicates  that  the  extreme 
hardness  produced  by  chilling  is  confined  to  the  tread,  and  that 
the  metal  in  the  plate  is  relatively  soft  and  of  nearly  uniform  hardness. 
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IV.     Apparatus  and  Methods  Used  in  .Mounting 
and  Static  Load  Tests 

11.  The  Strain-Gage,  and  lis  Use  in  Measuring  Strains  in  Car 
Winds. — In  the  determination  of  strains  developed  by  the  various 
methods  of  stressing  a  oar  wheel,  measurements  were  taken  thereon 'in 
both  radial  and  tangential  directions  with  a  Berry  Strain-Gage 
illustrated  in  Fig.  8. 

This  gage  consists  of  a  frame  carrying  a  fixed  cone-shaped  point, 
a  multiplying  lever,  and  an  indicating  dial.  The  short  arm  of  the 
multiplying  lever  also  carries  a  cone-shaped  point,  and  the  long  arm 
of  the  lever  actuates  the  plunger  of  the  dial.  This  instrument  meas- 
ures the  change  of  the  distance  between  two  small  holes.  These  holes 
are  the  extremities  of  a  gage-line  along  which  the  strain  is  desired. 
In  making  observations  with  the  strain-gage,  the  cone  points  are 
inserted  in  the  gage  holes  and  the  dial  readings  noted  for  each  of 
the  gage-lines  on  the  wheel.  These  readings  are  first  taken  with  the 
wheel  in  an  unstrained  condition.  Another  series  of  observations  is 
then  taken  on  the  same  gage-lines  with  known  loads  on  the  wheel. 
The  difference  between  the  initial  and  final  readings  divided  by  the 
product  of  the  gage  length  and  the  multiplication  ratio  (as  obtained 
by  calibration)  of  the  strain-gage  lever,  gives  the  actual  unit  strain  for 
the  load  in  question. 

As  a  formula  this  expression  becomes ; 

l  X  in 

where  e  =  unit  strain  ; 

Ri  =  initial  reading  of  the  dial ; 
Rf  =  final  reading  of  the  dial; 
I  =  length  of  gage-line ; 
m  =  multiplication  ratio  of  strain  gage. 

The  relative  values  of  Rt  and  R  f,  together  with  a  consideration 
of  the  characteristics  of  the  strain-gage  used,  indicate  whether  the 
strain  is  tensile  or  compressive.  From  the  unit  strain  thus  found 
and  by  reference  to  the  stress-strain  diagrams,  Fig.  6,  an  approximate 
value  of  the  corresponding  simple  stress,  variously  called  the  "true 


Fig.   8.     Berry   Strain-Gage 


FIG.  9.     600000-lb.  Testing  Machine  with   I'.mi;  of  Wheels 

in   Position   TO   RECEIVE  Static   LOAD 
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stress/'  "reduced  stress,"  or  "ideal  stress,"  is  determined.  Through- 
out this  report  any  stress  mentioned  is  in  terms  of  the  corresponding 
simple  stress,  or  the  stress  that  would  exist  if  the  metal  were  subjected 
to  simple  tension  or  compression  and  deformed  to  a  degree  equal  to 
the  measured  strains.  Both  the  initial  and  final  strain-gage  observa- 
tions were  taken  in  terms  of  a  standard  gage-line  called  a  standard 
bar.  This  bar  was  made  of  the  same  material,  in  this  case  cast-iron, 
as  that  in  which  the  strain  was  desired,  and  its  use  provided  a  means 
of  compensating  for  changes  in  temperature  of  the  material  being 
tested  and  progressive  changes  due  to  other  causes.  It  also  furnished 
a  check  for  noting  any  changes  that  might  occur  in  the  relative  position 
of  the  dial  and  frame  of  the  strain-gage.  In  these  tests  the  gage-lines 
were  established  in  both  radial  and  tangential  directions  on  the 
wheel  by  drilling  holes  0.055  in.  in  diameter,  approximately  1/16 
in.  in  depth,  and  2  in.  between  centers.  .  The  instrument  used  had  a 
dial  graduated  to  0.001  in.  and  a  multiplication  ratio  of  five.  Hence 
the  unit  strain  could  be  read  directly  to  0.0001  in.  per  inch,  and  by 
estimation  to  1/10  of  this  figure. 

Throughout  the  report  certain  gage-lines  are  shown  for  which  no 
strains  are  given.  For  these  the  readings  were  not  taken.  The  omis- 
sions are  due  to  the  fact  that  the  intial  strain-gage  readings,  i.  e., 
those  taken  with  the  wheel  in  an  unstrained  condition,  could  not  be 
duplicated  when  several  trials  were  made.  This  was  clue  to  slight 
imperfections  in  the  gage  holes,  to  scale  on  the  metal,  etc.  Since  all 
the  measured  strains  are  dependent  on  these  initial  readings,  the 
unreliable  readings  were  discarded  and  no  further  observations  were 
made  on  these  gage-lines. 

12.  Preparation  and  Methods  of  Testing  Wheels  for  Determina- 
tion of  Strains  Due  to  Mounting  and  Static  Loads. — A  pair  of  wheels 
was  prepared  with  gage  holes  determining  lines  in  both  radial  and 
tangential  directions  and  on  several  radii.  With  the  strain-gage,  read- 
ings were  taken  on  each  of  the  gage-lines  before  mounting  the  wheels 
on  the  axle.  The  two  wheels  were  then  pressed  upon  the  seats  of  a 
standard  51/2-in.  by  10-in.  M.  C.  B.  axle  in  a  600  000-lb.  Riehle  testing 
machine.  Autographic  diagrams  of  the  pressure  during  mounting 
were  taken.  After  mounting,  observations  on  each  of  the  gage-lines 
were  again  made,  and,  as  stated  above,  the  differences,  after  proper 
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corrections,  between  the  latter  readings  and  the  initial  readings  are 
measures  of  the  unit  strains. 

After  the  strains  incident  to  mounting  had  been  determined,  the 
wheels  were  placed  in  the  testing  machine,  as  shown  in  Pig.  9,  and 
subjected  to  various  known  static  loads. 

For  each  of  the  static  loads  thus  applied  a  complete  series  of 
strain  readings  was  taken.  In  this  case  the  difference  between  the 
initial  readings,  the  observations  taken  before  moulding,  and  the 
observations  at  the  load  in  question,  is  the  total  strain  in  the  wheel 
caused  by  the  combined  effects  of  mounting  and  the  static  load.  It 
will  be  noted  that,  except  for  the  inversion  of  the  wheel  and  rail,  the 
apparatus  arranged  for  the  static  tests  loads  the  wheel  in  the  same 
manner  as  in  actual  service. 
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V.     Results  of  Mounting  and  Static  Tests 

13.  Corresponding  Simple  Stresses  in  Tiro  33-in.  725-lb.  M.  C.  B. 
Wheels  Due  to  Mounting  Winds  on  Axle,  together  with  Combined 
Effects  of  Mounting  and  sialic  Loads. — The  location  of  the  gage- 
lines  on  these  two  wheels  is  shown  in  Pigs.  10  and  11  and  the 
gage-lines  are  designated  as  follows:  the  radial  lines  on  which  the 
gage  lines  are  located  arc  lettered  A  to  //,  and  these  letters  become  the 
first  figure  in  the  designation;  the  relative  position  of  the  gage-line 
on  the  radius  is  next  indicated  by  a  numeral,  which  in  turn  is  followed 
by  either  the  letter  B  or  T,  signifying  respectively  a  radial  or  a 
tangential  gagedine;  thus  BJR  denotes  the  gagedine  or  radial  B, 
fourth  from  the  tread  and  in  a  radial  direction,  and  BIT  indicates 
the  gagedine  similarly  located  hut   in  the  tangential  direction. 

The  pressures  required  to  mount  the  wheels  on  the  axle  together 
with  the  fit  allowance  are  shown  in  Fig.  12,  while  the  equivalent 
simple  stresses  resulting  therefrom  are  given  in  Figs.  13  and  14. 

Diagrams  similar  to  Fig.  12  are  regularly  taken  by' both  the 
manufacturers  and  railroads  when  mounting  wheels.  They  serve  ;is  ;i 
check  against  placing  improperly  mounted  wheels  in  service.  With 
wheels  properly  fitted,  this  curve  will  show  a  nearly  uniform  increase 
in  the  pressure  required  for  forcing  the  wheel  on  the  axle  from  the 
instant  the  axle  enters  the  wheel  up  to  its  final  position.  In  addition, 
the  final  pressure  as  recorded  indicates  whether  the  recommendation 
of  the  M.  C.  B.  Association  in  this  respect  has  been  fulfilled.  If  this 
pressure  is  much  below  that  recommended,  there  is  a  possibility  of 
the  wheel  becoming  loose  on  the  axle;  whereas,  if  it  is  in  excess  of 
that  recommended,  cracked  wheels  may  result.  In  view  of  these  facts 
considerable  attention  is  generally  given  to  the  final  pressure  required. 
For  this  type  of  wheel  the  M.  C.  B.  Association  specifies  a  final 
pressure  ranging  from  45  to  65  tons.  The  pressures  recorded  in  the 
tests  were  45.8  and  61.5  tons,  or  within  the  allowable  range.  Attention, 
however,  is  called  to  the  fact  that  for  a  wheel  seat  diameter  of  7  in.  and 
a  hub  length  equal  to  7  in.,  the  manufacturers'  practice  is  to  make  the 
fit  allowance  0.011  to  0.017  in.,  which  results  in  a  range  of  mounting 
pressures  of  about  45  to  65  tons.  It  will  be  noticed  that  the  allowance 
on  wheel  No.  671  237  was  0.021  in.,  and  the  mounting  pressure  at  a 
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speed  of  0.4  in.  per  minute  was  61.5  tons;  i.e.,  the  allowance  was  25 
per  cent  greater  than  the  manufacturers'  maximum  allowance,  while 
the  pressure  required  was  5  per  cent  less  than  might  be  recorded  by 
commercial  types  of  wheel  presses,  which,  however,  operate  in  some 
cases  at  much  higher  speeds.  Likewise,  in  wheel  No.  <>71  44!)  the  til 
allowance  equalled  the  manufacturers'  maximum,  and  in  commercial 
work  the  expected  pressure  would  be  about  65  tons.  The  maximum 
recorded  pressure  for  this  wheel,  however,  was  about  45.8  tons,  or 
roughly  equal  to  that  which  would  occur  with  the  minimum  tit  allow- 
ance of  0.011  in.  A  similar  condition  existed  in  later  mounting  tests. 
This  apparently  indicates  that  the  pressure  required  to  mount  the 
wheel  is  a  function  of  the  mounting  speed.  It  is  also  probable  that 
the  magnitude  of  the  mounting  pressure  is  dependent  on  the  alignment 
of  the  wheel  bore  and  axle  during  mounting.  As  no  spherical  blocks 
were  used  in  these  tests  when  mounting  the  wheel — nor  are  they  used 
on  wheel  presses — it  is  possible  that  the  maximum  recorded  mounting 
pressures  are  higher  than  would  be  the  case  if  perfect  alignment 
between  bore  and  axle  existed.  Hence  it  would  appear  that  fit  allow- 
ance might  be  a  better  criterion  for  mounting  wheels  than  pressure 
where  the  mounting  speed  falls  considerably  outside  the  range  of 
speeds  customarily  used  in  wheel  shops,  and  in  cases  where  poor  align- 
ment may  occur.  Under  no  circumstances,  however,  would  it  be 
advisable  to  discontinue  the  use  of  the  final  mounting  pressure  as  a 
check  against  the  placing  of  improperly  fitted  wheels  in  service. 
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In  the  case  of  wheel  No.  671  237  the  maximum  tensile  unit  strain, 
due  to  mounting  (Fig.  13),  was  on  gage-line  BIT  on  the  B  radial  of 
the  outer  face.  The  magnitude  of  this  strain  was  0.00222  which 
corresponds  to  a  simple  tensile  stress  of  17  400  lb.  per  sq.  in.    Inspec- 


i — i  Tangent/a/  Stress  in  Gage  Lines,  Suffix  T 
wtm  R ad/a/  Stress  in  Gage  Lines',  So f 'fix    R 
Outer  Face 


Stress -lb  Right  of  Base  Line  is  Com  press  ton.To  Left  of  Base  Line  is  Tension 
Maximum  Mounting  Pressure  -ff 1.5  Tons 

Fig.  13.     Corresponding  Simple  Unit  Stresses  in  33-in.  725-lb. 
M.  C.  B.  Wheel  no.  671  237  Caused  by  Mounting  on  Axle 


tion  of  Fig.  10  shows  that  the  measurement  was  taken  in  close 
proximity  to  a  chaplet,  and  this  may  partially  account  for  the  large 
value.  On  the  inner  face  the  same  value  is  nearly  reached  on  gage- 
line  H5T  where  the  strain  was  0.00218,  and  the  simple  tensile  stress 
corresponding  thereto  is  17  300  lb.  per  sq.  in.  With  respect  to  the 
compressive  strains  the  maximum  was  on  the  outer  face  on  gage-line 
F3R  and  equalled  0.00127,  which  corresponds  to  a  simple  compressive 
stress  of  17  600  lb.  per  sq.  in.  This  is  in  the  region  near  the 
intersection  of  the  inner  and  outer  plates.    A  relatively  short  radius 
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of  curvature,  3  in.,  exists  on  a  portion  of  this  gage-line,  so  that  curved 
plate  action  may  partially  account  for  the  values  found  in  this 
region. 

Fig.  14  presents  the  corresponding  simple  unit  stresses  produced 
in  wheel  No.  671  449  by  mounting.  A  greater  number  of  strain  meas- 
urements were  made  on  wheel  No.  671  449,  and  a  better  idea  of  the 
magnitude  of  the  stresses  produced  by  forcing  the  wheel  on  the  axle 
is  possible  than  in  the  case  of  wheel  No.  671  237.  On  the  outer  face 
the  larger  tangential  or  "hoop"  stresses  are  in  general  near  the  bore, 
and  they  decrease  toward  the  rim.  This  is  readily  apparent  on  radii 
G  and  H,  and  indicates  a  distribution  of  stresses  which  would  be 
expected.  There  are,  however,  variations  from  this  arrangement  or 
distribution  along  radial  lines  A,  C,  and  D.  On  these  lines  the  tangen- 
tial stress  does  not  at  all  points  show  a  decrease  from  bore  to  rim ;  at 
certain  points  the  stresses  are  slightly  greater  than  at  other  points 
nearer  the  bore.  Bearing  in  mind,  however,  the  fact  that  cast  iron 
from  the  ordinary  cupola  cannot  be  cast  so  as  to  be  of  uniform  strength, 
as  was  evidenced  by  the  results  of  the  previously  mentioned  tests 
made  on  specimens  cut  from  various  parts  of  the  wheel,  such  variations 
could  have  been  anticipated.  Similar  conditions  occur  on  the  inner 
face  with  respect  to  the  tangential  stresses.  On  this  wheel  the  maxi- 
mum recorded  tensile  strain  occurred  on  the  inner  face  in  gage-line 
A5T.  Its  value  was  0.00161  and  the  corresponding  stress  is  15  700 
lb.  per  sq.  in.  A  study  of  the  radial  strains,  Fig.  14,  on  the  outer  face 
of  wheel  No.  671449  reveals  a  distribution  similar  to  that  found  in 
wheel  No.  671  237.  On  all  of  the  radial  lines  a  tendency  towards  a 
concentration  of  stress  appears  on  the  outer  face  on  gage-line  3R,  or 
near  the  intersection  of  the  inner  and  outer  plates.  The  maximum 
recorded  strain  occurred  on  gage-line  H3R,  and  was  equal  to  0.00116, 
corresponding  to  16  500  lb.  per  sq.  in.  On  the  inner  face  the  stresses 
on  both  the  radial  and  bracket  gage-lines  are  in  general  compressive 
and  of  relatively  small  magnitude. 

After  being  mounted,  the  wheels  were  subjected  to  static  loads 
up  to  200  000  lb.  per  wheel,  or  about  10  times  the  load  they  would  be 
subjected  to  in  practice.  The  maximum  stresses  in  wheel  No.  671  449, 
caused  by  combined  mounting  and  static  loads,  are  shown  in  Figs.  15 
and  16.  In  Fig.  15  are  shown  the  corresponding  simple  stresses 
caused  by  superimposing  the  effects  of  static  loads,  ranging  from 
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c=]  Tangential  Stress  in  Gage  Lines,  Suffix  T 

mm  Radial  Stress  in  Gage  Lines,  Suffix  R 

^^  Bracket  Stress  in  Gage  Lines,  Subscript  b 


Stress  <z, 

Load  Lbs   <$ 
2a 


per  Wheel  \^ 


5000  Lbs 


per  Sq  In. 


T",y,  •■  j.  j*,' 


Stress-To  Right  of  Base  Line  is  Com  press  ton.To  Left  of  Base  Line  is  Tension 


Fig.  15.     Corresponding  Simple  Unit  Stresses  in  33-in.  725-lb. 

M.  C.  B.  "Wheel  No.  671  449  Due  to  Combined  Effects  of 

Mounting  and  Static  Loads.    Loads  Applied  on  A  Radial 


21  000  to  200  000  lb.,  upon  those  due  to  forcing  the  wheel  on  the  axle. 
To  prevent  the  axle  being  bent,  it  was  given  additional  support  between 
the  wheels  for  wheel  loads  above  40  000  lb.  In  the  tests  represented  by 
Fig.  15  the  load  was  supplied  on  the  A  radial  gage-line,  i.  e.,  the  several 
loads  were  transmitted  from  the  axle  along  this  radial  gage-line  to  the 
rail.  The  strains  along  this  radial  gage-line  were  larger  than  the  strains 
along  the  other  radial  gage-lines ;  consequently,  presentation  of  figures 
relating  to  the  strains  along  the  other  radial  gage-lines  has  been 
omitted  from  the  discussion.  In  Appendix  B,  pages  81  to  85,  Tables 
2,  2a,  3,  and  3a,  there  are  presented  in  tabular  form  the  numerical 
values  of  the  strains  measured  on  the  various  radial  gage-lines  of 
wheels  No.  671  237  and  671  449.  Fig.  16  presents  for  wheel  No.  671  449 
information  similar  to  that  in  Fig.  15,  except  that  for  Fig.  16  the 
static  loads  were  applied  along  the  G  radial  gage-line. 

With  respect  to  the  radial   gage-line  along  which  the  load  is 
applied,  the  stresses  due  to  a  static  load,  when  imposed  upon  those 
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Tangential  Stress  in  Gage  Lines,  Suffix.  T 
Radial  Stress  in  Gage  Lines,  Suffix   R 
Outer  Face 


Stress  § 

8) 
Static  Load  qq 


5000 Lbs  per  Sq.  in 


Pounds  per^ 


Wheel 


Inner  Face 
Stress -lb  Right  of  Base  Line  is  Compression. 
To  Left  of  Base  Line  is  Tension 

Fig.  16.     Corresponding  Simple  Unit  Stresses  in  33-in.  72.r>-LB. 

M.  C.  B.  Wheel  No.  671  449  Due  to  Combined  Effects  of 

Mounting  and  Static  Loads.    Loads  Applied  on  G  Eadial 


caused  by  mounting',  are  similar  in  kind  to  those  of  mounting,  i.  e., 
compressive  on  the  radial  and  tensile  on  the  tangential  gage-lines.  In 
ordinary  practice  the  33-in.  725-lb.  wheel  of  this  type  may  be  subjected 
to  a  load  not  exceeding  20  125  lb.  With  a  static  load  of  21  000  lb. 
the  stresses  are  but  slightly  different  from,  and  may  be  either  greater 
or  less  than,  those  of  mounting.  This  indicates  that  mounting  is  a 
much  more  important  factor  in  producing  stress  than  the  maximum 
car  load — neglecting  impact  and  indirect  effects — to  which  wheels 
are  subjected  in  normal  railroad  service.  With  the  static  load  equal 
to  200  000  lb.  applied  on  the  radial  gage-line  A,  the  maximum  unit 
tensile  strain  due  to  the  combined  effects  of  mounting  and  load,  was 
found  to  be  on  the  tangential  gage-line  A5T  on  the  inner  face  of  the 
wheel,  and  to  be  equal  to  0.00185.     The  corresponding  unit  stress  is 
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16  500  lb.  per  sq.  in.,  or  an  increase  of  only  800  lb.  per  sq.  in.  above 
that  caused  by  mounting  alone.  The  maximum  increase  in  tensile 
strain  occurred  on  the  tangential  gage-line  GlT  on  the  outer  face  when 
the  200  000  lb.  load  was  applied  along  the  G  radial.  For  this  loading, 
the  increase  in  unit  tensile  stress  on  the  several  gage-lines  over  that 
due  to  mounting  was  as  follows : 

Increase  in  Tensile 

Gage-Line,  Outer  Face  Stress  per  sq.  in. 

GIT   10  500  lb. 

G2T    9  100  lb. 

GST   6  900  lb. 

G4T   4  700  lb. 

As  gage-line  GlT  was  nearest  the  tread  and  G4T  nearest  the  hub, 
these  figures  indicate  that  the  influence  of  the  static  load  decreases 
as  the  distance  from  the  rail  becomes  greater.  As  a  whole  the  observa- 
tions relating  to  stresses  produced  by  the  static  loads  indicate  that  the 
influence  of  these  loads  (as  expressed  by  increase  of  the  tensile 
stresses)  decreases  as  the  distance  from  the  rail  toward  the  axle 
increases,  although  occasional  exceptions  to  this  rule  occur. 

Slightly  different  conditions  exist  on  the  radial  gage-lines  with 
respect  to  magnitude  and  distribution  of  the  stresses.  On  the  radial 
gage-lines  the  stresses  are  compressive,  and  the  variations  over  the 
G  radial  gage-line  for  the  corresponding  200  000-lb.  load  were: 

Increase  in  Compressive 
Gage-Line,  Outer  Face  Stress  per  sq.  in. 

G1H,    15  000  lb. 

G2E 13  300  lb. 

G3E    13  80ii  Hi. 

G4B    7  400  lb. 

Here  again  the  maximum  increase  in  stress  occurs  nearest  the  tread 
and  the  minimum  increase  nearest  the  bore.  It  will  be  recalled  that, 
in  mounting,  the  opposite  condition  was  found;  namely,  that  the 
greatest  stress  occurred  at  the  bore  and  the  least  at  the  tread.  It  is 
further  evident  from  the  above  figures  that  the  variation  in  stress  in 
the  radial  direction  differs  from  that  in  the  tangential  direction  in  that 
the  latter  shows  an  almost  uniform  decrease  in  the  intensity  when 
traversing  the  section  from  GlT  to  G4T,  Avhile  in  the  former  no  such 
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uniform  decrease  occurs.  For  the  combined  effect  of  mounting  and  the 
200  000-lb.  static  load  the  maximum  recorded  compressive  strain  was 
on  radial  gage-line  G3R,  and  amounted  to  0.00267.  The  corresponding 
simple  compressive  stress  is  25  600  lb.  per  sq.  in.,  or  13  800  lb.  greater 
than  the  stress  produced  by  mounting  alone.  The  results  on  which 
Figs.  13  to  16  inclusive  are  based,  together  with  the  measured  strains, 
are  given  in  Appendix  B,  Tables  2,  2a,  3,  and  3a.  Figures  simliar 
to  Figs.  15  and  16,  which  relate  to  wheel  No.  671 449,  are  not 
submitted  for  wheel  No.  671  237,  due  to  the  fact  that  the  measurements 
of  strain  taken  during  the  mounting  test  of  wheel  No.  671  237  were 
so  meagre;  the  numerical  values  of  these,  however,  are  given  in 
Appendix  B,  Table  2a. 

In  summarizing,  these  tests  would  indicate  that,  directly,  the 
wheel  load  of  ordinary  service  does  not  materially  alter  the  existent 
strains  caused  by  mounting,  although,  indirectly,  the  wheel  load 
is  a  factor  in  producing  stress,  due  to  the  bearing  it  has  on  flange 
pressure,  impact,  etc.  Load  application  results  in  increasing  the  com- 
pressive strains  already  existent  in  the  wheel  to  a  greater  extent  than 
it  increases  the  tensile  strains.  It  is  further  evident  that  in  the  absence 
of  speed  and  track  curvature,  very  heavy  wheel  loads  may  be  sus- 
tained without  greatly  increasing  the  magnitude  of  the  tensile  stresses 
which  were  produced  by  mounting. 

14.  Corresponding  Simple  Stresses  in  Two  33-in.  740-lb.  Arch 
Plate  Wheels  Due  to  Mounting  Wheels  on  Axle,  together 
ivith  Combined  Effects  of  Mounting  and  Static  Loads. — From  the 
results  of  the  tests  on  the  wheels  mentioned  in  the  preceding  section 
it  was  impossible  to  determine  the  exact  position  of  either  the  maximum 
tensile  or  the  maximum  compressive  stress.  Furthermore,  the  rel- 
atively small  number  of  strain  lines  prevented  a  clear  conception  of 
the  stress  distribution  across  the  wheel  section.  Accordingly,  in  sub- 
jecting a  pair  of  33-in.  740-lb.  Arch  Plate  wheels  to  the  mounting  and 
static  load  tests,  they  were  prepared  with  approximately  twice  as  many 
gage-lines  as  were  used  on  the  previously  tested  wheels.  This  was 
done  by  placing  the  2-in.  gage-lines  1  in.  apart,  instead  of  2  in.  apart 
as  in  the  former  tests.  The  locations  of  the  gage-lines  on  wheels  Nos. 
04  474  and  04  476  are  given  in  Figs.  17  and  18  respectively.  The 
system  used  for  identification  of  the  gage-lines  is  shown  in  the  figures, 
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and  is  similar  to  that  used  on  the  33-in.  7'25-lb.  wheels*  except  that  the 
gage-lines  are  numbered  from  the  hub  outward  to  the  tread. 


Wheel Nu/nber 
A/or?/r?a/ Bore 
■  FitA//owa/7Cff 
Mourtt/ng  Speed 
Max.  Pressure 


04474  04476  - 

7.0 /n  70//?   ~ 

0.024;/?.  0.023/n  - 

/7m//?  Q4u//ff/n 


38.6To/?s  36.4 Tons 


•&/£0,000 

I 

^/OO.OOO 

X 

\ 

h.  SO,  000 

*       o 

O  /  2  3  -4  S 

D/s far?ce of '  £/77beJ/7;e/7f  /r?  /r?c/?es 
Fig.  19.     Autographic  Diagrams  of  Pressures  Required  to 
Mount  Two  33-in.  740-lb.  Arch  Plate  Wheels  ox  Axle 

In  Fig.  19  are  given  the  fit  allowance,  the  mounting  speed,  and 
the  pressure  required  to  force  the  axle  into  the  wheels.  It  will  be 
noticed  that  the  mounting  speed  of  wheel  No.  04  474  is  2.5  times  that 
of  wheel  No.  04  476.  The  results  on  the  725-lb.  M.  C,  B.  wheels  sug- 
gested that  the  speed  of  mounting  might  be  a  factor  in  the  magnitude 
of  the  final  pressure.  Although  wheel  No.  04  474  had  the  higher 
pressing  speed,  yet  its  higher  recorded  pressure  can  hardly  be  ascribed 
to  this  cause,  as  the  slightly  greater  final  pressure,  4.2  tons,  may  have 
been  due  to  other  factors,  such  as  fit  allowance,  character  of  wheel 
material,  etc.  A  series  of  tests  with  a  greater  variation  in  speed 
would  probably  be  necessary  to  satisfactorily  answer  this  question. 

The  corresponding  simple  stresses  caused  by  forcing  the  wheels  on 
the  axle  are  shown  in  Figs.  20  and  21.  The  values  of  the  stresses 
are  based  on  the  measured  strains  and  the  assumed  stress-strain  rela- 
tion given  by  Fig.  6.  If  the  stress  at  some  particular  radius  is  taken, 
it  will  be  noticed  in  Figs.  20  and  21  that  there  may  be  a  considerable 
variation  between  the  maximum  and  the  minimum  values  occurring 
on  the  several  radial  gage-lines  A  to  H.  As  a  result  of  this,  the  varia- 
tions in  the  intensities  of  the  stresses  on  one  radial  gage-line  may  be 
entirely  different  from  the  variations  on  another,  although  adjacent. 
To  obtain  a  diagram  of  the  stress  distribution  across  the  section  of 
the  wheel,  more  representative  of  the  wheel  as  a  whole  and  better  for 

*  Page    35. 
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purposes  of  comparison,  the  measured  strains  on  the  several  radii  at 
corresponding-  distances  from  the  center  of  the  wheel  were  averaged. 
The  corresponding  simple  stresses  for  these  average  strains  were  then 
determined  and  plotted,  as  shown  in  Figs.  22  and  23.  This  method  of 
determining  the  average  stresses  gives  somewhat  higher  values  than 
would  be  obtained  by  averaging  the  stresses  corresponding  to  the 
measured  strains. 

Inspection  of  Figs.  22  and  23  immediately  suggests  the  stress 
distribution  across  the  section.  The  stresses  on  the  tangential  gage 
lines  on  both  the  inner  and  outer  faces  are  tensile,  largest  near  the 
bore  and  decreasing  towards  the  tread.  No  such  simple  arrangement, 
however,  exists  in  the  stresses  produced  on  the  radial  gage-lines.  On 
these  lines  on  the  outer  face  when  traversing  the  section  from  bore  to 
tread  a  relatively  small  stress,  either  compression  or  tension,  exists 
on  gage-line  2R,  and  the  character  of  the  stress  then  becomes  com- 
pressive, reaching  a  maximum  on  either  4R  or  5R — just  previous  to 
the  joining  of  the  inner  and  outer  plates — after  which  the  compressive 
stress  again  decreases.  On  the  radial  gage-lines  2R  on  the  outer  face 
of  wheel  No.  04  474,  Fig.  20,  the  strain  is  an  elongation,  contrary  to 
what  might  be  expected.  The  reason  for  this  condition  is  not  apparent 
but  it  is  perhaps  due  to  a  bending  action  at  that  point  producing 
tension  of  a  magnitude  sufficient  to  change  the  compressive  stress 
due  to  mounting  into  a  tensile  stress.  On  the  outer  face  of  both 
wheels  the  variation  in  the  radial  stresses  in  the  regions  represented 
by  gage-lines  2R  to  5R  inclusive  suggests  a  condition  of  bending 
combined  with  compression  due  to  mounting. 

On  the  inner  face  of  wheel  No.  04  474  the  effect  of  bending  is 
evident  on  the  radial  gage-lines.  The  stress  on  these  lines  is  com- 
pressive and  reaches  a  maximum  at  the  bore.  As  the  radial  distance 
from  the  center  increases,  the  stress  decreases  until  a  minimum  is 
reached  near  4R,  after  which  it  increases  up  to  7R.  Beyond  7R  no 
readings  were  obtained  because  of  the  interference  of  the  wheel 
brackets  with  the  strain  gages,  but  it  is  reasonable  to  assume  that  a 
decrease  in  stress  will  develop  soon  after  7R  is  passed.  The  compar- 
atively short  radii  of  curvature  in  this  portion  of  the  wheel  without 
doubt  greatly  affect  any  bending  action  which  takes  place  and  are 
largely  responsible  for  the  variation  occurring  in  the  magnitude  of 
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Fig.  22.     Average  Unit  Stresses  in  33-in.  740  lb.  Arch  Plate 
Wheel  No.  04  474  Caused  by  Mounting  ox  Axle 
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the  stresses.  Similar  conclusions  may  be  reached  with  respect  to  the 
stresses  on  the  radial  gage-lines  on  the  inner  face  of  wheel  No.  04  474 
as  shown  in  Fig.  22. 

In  wheel  No.  04  474  the  maximum  average  tensile  and  compressive 
strains  are  0.00194  and  0.00084,  located  on  tangential  gage-lines  IT 
of  the  inner  face,  and  radial  gage-lines  5B  of  the  outer  face,  respect- 
ively. The  corresponding  tensile  stress  is  16  800  lb.  per  sq.  in.  and  the 
corresponding  compressive  stress  13  000  lb.  per.  sq.  in.  In  the  other 
wheel,  No.  04  476,  the  positions  of  the  maximum  average  tension  and 
compression  are  identical  with  Those  of  wheel  Xo.  04  474.  The  tensile 
stress,  however,  is  16  000  lb.  per  sq.  in.,  i.  e.,  slightly  lower  than  in 
wheel  No.  04  474,  while  the  compressive  stress  is  13  700  lb.  per  sq.  in., 
or  700  lb.  higher  than  in  wheel  Xo.  04  474.  The  fit  allowance  on  these 
two  wheels  differs  by  only  0.001  in.  and  a  close  agreement  exists  both 
as  to  magnitude  and  location  of  the  maximum  strains  or  stresses 
caused  by  mounting. 

These  wheels  were  also  subjected  to  loads  equalling  200  000  lb. 
per  wheel,  and  the  combined  effects  of  mounting  and  the  various  static 
loads  are  shown  in  Figs.  24  to  27,  inclusive.  The  corresponding 
numerical  values  are  tabulated  in  Appendix  B,  Tables  4,  4a,  5,  and  5a. 

From  the  diagrams  showing  the  combined  effects  of  mounting  and 
static  loads,  Figs.  24  to  27,  inclusive,  it  is  evident  that  the  metal 
in  a  radial  direction  on  the  outer  face  of  the  wheel  is  in  general  in 
compression.  An  exception  to  this  occurs  on  gage-line  2R,  where 
tension  is  indicated  under  several  loads.  Here  again  the  tension  is 
probably  due  to  flexure  in  conjunction  with  the  direct  thrust  of 
mounting.  It  will  be  noticed  in  addition  that  the  intensity  of  the  com- 
pressive stress  on  the  outer  face  exceeds  that  on  the  inner  face,  this 
fact  indicating  that  the  static  load  is  transmitted  from  rail  to  hub 
mainly  through  the  outer  plate,  while  the  smaller  portion  of  the  load 
is  carried  through  the  inner  plate.  In  general  the  magnitude  of  the 
tensile  stress  is  slightly  greater  on  the  inner  plate  of  the  wheel  than 
on  the  outer  plate.  In  the  curved  portion  bending  assists  in  the 
production  of  tensile  stress.  The  maximum  compressive  stress  due  to 
combined  effects  of  mounting  and  static  load  may  occur  on  either  of 
the  radial  gage-lines  4E  or  5R  on  the  outer  face,  i.e.,  at  a  point  in 
the  outer  plate  just  before  it  is  joined  with  the  inner  plate.     The 
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i — i  Tangential  Stress  m  Gage  Lines  Suffix    T 
mm  Radial  Stress  in  Gage  Lines  Suffix        R 
PRST  Outer  Face  vzza  Bracket  Stress  in  Gage  Lines  Subscript  a 


Stress -To  Right  of  Base  Line  is  Compression.To  Left  of  Base  Line  is  Tension 


Fig.   24.     Corresponding   Simple  Unit   Stresses   in   33-in.   740-7.B 

Arch  Plate  Wheel  No.  04  474  Due  to  Combined  Effects 

of  Mounting  and  Static  Loads.    Loads  Applied  on 

A   Radial 


maximum  tensile  stress  is  found  on  either  of  the  tangential  gage-lines 
IT  or  2T  on  the  inner  face,  that  is,  in  the  region  of  the  hub.  The 
conclusions  to  be  drawn  from  the  tests  on  these  wheels  are  similar  to 
those  reached  with  regard  to  the  33-in.  72o-lb.  M.  ('.  B.  wheels — 
namely,  that  under  load 

(1)  the  strain  or  stress  due  to  static  load  is  similar  in 
kind  to  that  of  mounting,  i.  e.,  compressive  on  the  radial  gage- 
lines  and   tensile  on   the  tangential   gage-lines; 

(2)  static  load  increases  the  magnitude  of  the  compressive 
stresses  on  the  radial  gage-lines  to  a  greater  extent  than  it  increases 
the  magnitude  of  the  tensile  stresses  on  the  tangential  gage-lines; 

(3)  for  the  normal  service  load  the  maximum  strains  or 
stresses  are  not  ureal  ly  different  from  the  maximum  strains  or 
stresses  due  to  mounting; 
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(4)  abnormally  heavy  wheel  loads  may  be  sustained  in  the 
absence  of  such  other  factors  as  side  thrust,  impact,  etc.,  without 
greatly  increasing  the  intensity  of  the  tensile  stresses  over  values 
already  existent  through  pressing  the  wheel  on  the  axle. 


i — \Tangential  Stress  in  Gage  Lines  Suffix    T 
mm  Radial  Stress  in  Gage  Lines  Suffix        R 
9R9T 'Outer  Facevzzz  Bracket  Stress  in  Gage  Lines  Subscript 


Inner  Face 


Stress-To  Right  of  Base  Line  Is  Compression.To  Left  of  Base  Line  Is  Tens/on 

1'JG.   25.     Corresponding   Simple  Unit   Stresses   in    33-in.   740-lt:. 

Arch  Plate  Wheel  Xo.  04  474  Due  to  Combined  Effects 

of  Mounting  and  Static  Loads.    Loads  Applied  on 

C  Eadial 


It  would  have  been  desirable  to  examine  the  relative  ability 
of  the  two  types  of  wheels,  as  represented  by  the  725-lb.  M.  C.  B. 
wheel  and  the  740-lb.  Arch  Plate  wheel,  to  withstand  the  stresses 
produced  by  forcing  the  wheel  on  the  axle  and  by  the  application 
of  load.  Due  to  their  different  fit  allowances,  however,  and  also 
to  the  relatively  few  strain  measurements  made  on  the  725-lb. 
wheels,  no  satisfactory  comparison  along  these  lines  has  been  found 
possible. 
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i — i  TnnQp.n-hnl  Stress  in  Gage  Lines  Suffix    T 

_  .     r         Hi  Radial  Stress  in  Gage  Lines  Suffix        R 
Outer  Face  "  .  , 

p/?^T  vza  Bracket  Stress  in  Gage  Lines  Subscript  a 


Inner  Face 


Stress-To  Right  of  Base  Line  is  Compression.To  Left  of  Base  Line  is  Tension 


Fig.   26.     Corresponding   Simple  Unit   Stresses   in   33-in.   740-lk. 

Arch  Plate  Wheel  No.  04  476  Due  to  Combined  Effects 

of  Mounting  and  Static  Loads.    Loads  Applied  on 

A  Eadial 
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^zilangenfial  Stress  in  Gage  Lines  Suffix   T 

mm  Radial  Stress  in  Gage  Lines  Suffix        R 

grza  Bracket  Stress  in  Gage  Lines  Subscript 


Inner  Face 


Stress-To  Right  of  Base  Line  is  Compression.To  Left  of  Base  Line  is  Tension 


Fig.  27.     Corresponding  Unit  Stresses  in  33-in.  740-lb. 

Arch  Plate  Wheel  No.  04  476  Due  to  Combined  Effects 

of  Mounting  and  Static  Loads.    Loads  Applied  on 

G  Eadial 
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VI.     Results  from  Additional  Mounting  Tests 

15.  Preparation  of  Wheels  for  Mounting. — In  order  to  determine 
in  greater  detail  the  effect  of  mounting,  two  33-in.  625-lb.  M.  C.  B.. 
and  two  33-in.  725-lb.  M.  C.  B.  wheels  were  subjected  to  this  type  of 
test.  In  forcing  a  wheel  on  an  axle  it  is  reasonable  to  expect  higher 
stresses  near  the  bore  than  at  points  distant  from  the  bore.  In  the 
preceding  tests  it  was  impossible  to  take  measurements  at  points  less 
than  %  in.  from  the  bore.  This  condition  arose  through  interference 
of  the  axle  with  the  strain  gage.  To  overcome  this  interference  and 
thereby  allow  measurments  to  be  taken  in  close  proximity  to  the 
bore,  the  wheels  were  mounted  on  stub,  or  short,  axles  whose  length 
equalled  the  thickness  of  the  wheel  at  the  bore.  The  location  of  the 
gage-lines  on  the  several  wheels  is  shown  in  Figs.  28  to  31,  inclusive. 
The  additional  gage-lines  in  the  hub  region  will  be  noticed.  By  the 
use  of  these  stub  axles  it  was  possible  to  get  measurements  relating  to 
tangential  stresses  within  3/16  in.  of  the  bore,  and  from  these  to  get 
an  estimate  of  the  intensity  of  tangential  or  "hoop"  stresses  at  the 
bore.  To  determine  the  intensity  of  stress  in  the  region  of  the  core 
holes  on  the  inner  face  of  the  wheels,  a  few  gage-lines  were  placed  near 
certain  core  holes.  These  gage-lines  are  shown  on  the  various  figures. 
For  a  similar  reason  one  of  the  wheels,  No.  49  317,  had  gage-lines 
on  the  outer  face  in  the  vicinity  of  the  chaplets. 

In  the  case  of  the  previously  tested  wheels  the  fit  allowances  were 
so  nearly  alike  in  each  of  the  pairs  of  wheels  tested  that  nothing  as 
to  the  effect  of  fit  allowance  for  a  certain  type  of  wheel  could  be 
determined.  Accordingly,  for  the  tests  about  to  be  described,  certain 
fit  allowances  were  chosen  so  that  information  might  be  obtained  with 
regard  to  the  effect  of  this  factor. 

16.  Corresponding  Simple  Stresses  Due  to  Forcing  Two  33-in. 
625-lb.  M.  C.  B.  Wheels,  with  Different  Fit  Allowances,  on  Axles.— 
The  autographic  diagrams  taken  while  mounting  these  wheels  are 
given  in  Fig.  32.  Wheel  No.  809  711  had  a  fit  allowance  of  0.009  in. 
and  the  maximum  pressure  was  14.4  tons.  For  this  fit,  the  wheel  was 
bored  smooth  with  a  tool  of  large  radius,  feed  being  approximately 
1/27  in.  per  revolution.    The  allowance  in  mounting  wheel  No.  822  269 
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I 

J)  /OO.OOO 
3 


W  SO,  OOO 

1 


-  Whee/ /Vu/nber  822269  8097//- 
~_Nom/na/  Bore  S8/Z5/n  s.688/n~ 
■  F/t  AZ/owance  0.o20/n  0.009 /n - 
Mount/np 'Speed     0.4/nperm/n 


Ma*-  Pressure     34.6 Tons  /4.4Tor>s. 


I   ■   i   i   I   ■   i   i   I 


I   .   i   ■   I   ■   i   ■  1   ■   i   ■   I   ■   i   ■   I 


O  /  2  3  4  S 

D/ stance  of  Smbec/mer?/  //?  /ncbes 


Fig.  32.     Autographic  Diagrams  of  Pressures  Required  to  Mount 
Two  33-in.  625-lb'.  M.  C.  B.  Wheels  on  Axle 


was  0.020  in.,  and  the  final  pressure  recorded  was  34.6  tons.  This 
wheel  was  also  bored  smooth  and  the  axle  showed  no  evidence  of 
filing,  the  tool  marks  being  plainly  visible  and  indicating  a  feed  of 
1/14  in.  per  revolution.  The  rate  of  mounting  was  0.4  in.  per  min. 
in  both  cases. 

The  stresses  set  up  on  the  various  gage-lines  of  these  two  wheels 
are  given  in  Figs.  33  and  34.  The  numerical  results  on  which  these 
figures  are  based  are  given  in  Appendix  B,  Tables  6  and  7.  Here 
again  variation  exists  in  the  intensity  of  the  stress  at  uniform  distances 
from  the  center,  but  on  different  radial  lines.  The  stresses  in  wheel 
No.  822  269  are  higher  than  those  of  wheel  No.  809  711,  a  condition 
which  would  be  expected,  due  to  the  fact  that  the  former  wheel  had 
the  larger  fit  allowance.  In  these  two  wheels  the  measurements  were 
made  on  four  radial  lines.  The  four  series  of  strain  readings  taken 
on  the  four  radial  lines  were  averaged  and  the  corresponding  stresses 
plotted  in  Figs.  35  and  36  in  order  to  obtain  a  more  representative 
diagram  showing  the  variation  of  stress  from  point  to  point,  and  the 
effect  of  the  different  fit  allowances.  A  comparison  of  these  figures 
plainly  shows  the  larger  stresses  in  wheel  No.  822  269  caused  by  the 
larger  fit  allowance.  The  trend  of  the  variation  in  stress  from  bore  to 
tread  is  not  as  clearly  evident  in  Fig.  35  as  in  Fig.  36  on  account  of 
the  relatively  small  values  of  the  stresses  shown  in  Fig.  35.  Inspection 
of  Fig.  36,  however,  suggests  substantially  the  same  conclusions  as 
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I     I  Tangential  Stress  in  Gage  Lines  Suffix   T 
■■  Radial  Stress  in  Gage  Lines  Suffix       R 
vzzm  Bracket  Stress  in  Gage  Lines  Subscript 
Outer  Face 


fliBtCWttEt  Inner  Face 
Stress-To  Right  of  Base  Line  is  Compression.To  Left  of  Base  Line  is  Tension 
Maximum  Mounting  Pressure  -  / 4-  4-  Tons 

Fig.   33.     Corresponding   Simple  Unit   Stresses   in   33-in.   625-lb. 
M.  C.  B.  Wheel  No.  809  711  Caused  by  Mounting  on  Axle 


were  drawn   in  connection   with   the   mounting  tests  previously   dis- 
cussed. 

(1)  The  tangential  or  hoop  stress  on  the  outer  face  is 
tension  and  reaches  a  maximum  at  the  bore ;  this  stress  decreases  in 
intensity  as  the  radial  distance  from  the  bore  increases. 

(2)  In  a  radial  direction  on  the  outer  face  the  stress  is 
compression  and  similarly  is  a  maximum  at  the  bore,  and,  as  the 
radial  distance  from  the  bore  increases,  its  magnitude  at  first 
decreases,  then  increases  up  to  a  point  near  the  intersection  of  the 
inner  and  outer  plates,  beyond  which  a  decrease  again  occurs. 

(3)  The  tangential  stress  on  the  inner  face  is  tension  and 
varies  in  a  manner  similar  to  that  on  the  outer  face,  except  that 
the  decrease  is  not  as  uniform. 
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(4)  In  the  radial  direction  on  the  inner  face  the  stress  is 
compressive,  reaching  a  maximum  at  the  bore,  and  as  the  radial 
distance  from  the  bore  increases  the  stress  decreases  until  near 
the  intersection  of  the  inner  and  outer  plates,  where  a  tendency 
towards  an  increase,  or  an  actual  increase,  occurs;  beyond  this 
region  the  stress  again  decreases. 

(5)  The  tensile  stresses  on  the  tangential  gage-lines  adjacent 
to  the  core  holes  on  the  inner  plate  are  almost  equal  in  value  to 
those  on  the  tangential  gage-lines  nearest  the  bore.  The  stresses 
in  the  brackets  caused  by  mounting  are  relatively  insignificant. 


c=d  Tangenttal  Stress  in  Gage  Lines  Suffix   T 

■i  Radial  Stress  in  Gage  Lines  Suffix       R 

777771  Bracket  Stress  in  Gage  Lines  Subscript 

'107      Outer  Face 

'9R9T 


Gage  Lines  9RaRb 
,8RaRb 
7R7.T 


W6T6Tb\4ty7\CYJ\J 
C3T 


AtBtCtDt 


Stress — -I   l—i 5000  Lbs  per S gin 


Radii       B 


D 


DFT 


.i>n 


S3* 


Inner  Face 


Stress-To  Right  of  Base  Line  is  Compression,To  Left  of  Base  Line  is  Tension 
Maximum  Mounting  Pressure  -  34.6  Tons 

Fig.   34.     Corresponding   Simple  Unit   Stresses   in   33-in.   625-lb. 
M.  G.  B.  Wheel  No.  822  269  Caused  by  Mounting  on  Axle 
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Unit  Stress 
Tension  Compression   _. 
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dRS7-S- 

7R7Z 

6R6 
SR57i  , 

4R4t\_ 

3R3T>^- 


& 


9RaRb  Unit  Stress 
O^RtyQnsion    Compression 

'^C4T 
WRbWa 
AC3T 

5R5~i 

4R41 

CDZ1 

I/3R3T 

J/ACDI1 

y  _/2R?> 

Et-IP 


Ct 

At&  , 
v 


8 


Tangential  Stress  warn  Radial  Stress   ess  Bracket  Stress 
Wax/mum  rfounf/rg  Pressure  /4.4  Tors 
Fig.   35.     Average  Unit  Stresses  in   33-in.   625-lb.   M.   C.   B. 
Wheel  No.  809  711  Caused  by  Mounting  ox  Axle 


Unit  Stress 
Tens/on   Compression 


|  §   Q  §  |  %BfA. 


Unit  Stress 
9Ra  Rb  ~fens'J?n    Compression 
\8RaRb 

an  7R1T  j 
\pRTlbAW\ 

C3T 
5R5T 
4R4T 

ACZT 
3R3 
'^ACDI 

?8gk 


JMB/k  §  § 


Q  q  q  &  s  Q 


§|S 


,^  ^  ^ 

^  ^  ^ 


Tangential  Stress  ■■  Radial  Stress    ^sa  Bracket  Stress 
A7c7A-/m)u/7;  Aiour//r^  Pressure  3<6  7brs 

Fig.   36.     Average  Uxit   Stresses   ix    33-in.    625-lis.    M.   C.   B. 
Wheel  No.  822  269  Caused  by  Mountixg  on  Axle 
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17.  Corresponding  Simple  Stresses  Due  to  Forcing  Two  33-in. 
725-lb.  M.  C.  B.  Wheels,  with  Different  Fit  Allowances,  on  Axles. — For 
this  test,  wheels  Nos.  49  317  and  49  305  had  fit  allowances  of  0.0095 
and  0.0136  in.  respectively,  while  the  corresponding  final  pressures 
were  39.9  and  43.0  tons.  The  rate  of  pressing  was  0.4  in.  per  ruin,  in 
each  case.  The  mounting  diagrams  are  shown  in  Fig.  37.  As  in  the 
case  of  the  625-lb.  wheels,  one  axle  was  filed  smooth  and  the  other 
retained  the  tool  marks.  As  far  as  the  stresses  produced  by  mounting 
are  concerned,  there  was  nothing  in  these  tests  that  would  indicate 
the  relative  effects  of  a  smooth  or  a  rough  axle.  In  Figs.  38  and  39 
are  shown  the  stresses  corresponding  to  the  measured  strains  caused 
by  mounting.  The  corresponding  results  are  presented  in  Appendix 
B,  Tables  8  and  9.  Appendix  B  also  presents  results  for  the  average 
effects  which  are  shown  in  Figs.  40  and  41.  Although  differences  exist 
in  the  relative  ability  of  the  625  and  7254b.  wheels  to  withstand  the 
stresses  produced  by  mounting,  yet  there  is  a  marked  similarity  in  the 
location  of  the  maximum  and  minimum  stresses.  The  conclusions  to 
be  drawn  with  reference  to  the  7254b.  wheel  are  in  general  identical 
with  those  for  the  6254b.  type  as  given  in  Section  16,  page  58  of  this 
bulletin.  In  addition,  Fig.  40  shows  that  the  intensity  of  the  tensile 
stress  on  the  tangential  gage4ines  in  the  regions  of  the  chaplets  on 
the  outer  face  nearly  approaches  that  occurring  at  the  bore. 
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Whee/  Number 
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4930S     493/7  - 
7.06//n    6.9392/n~ 
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Fig.  .".7.      Autographic  Diagrams  of  Pressures  Required  to  Mount 
Two  33-in.  725-lb.  M.  C.  B.  Wheels  on  Axle 
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czjlan  genital  Stress  in  Gage  Lines  Suffix    T 
M  Radial  Stress  in  Gage  Lines  Suffix        R 

/(9R9T  77777>'  Bracket  Stress  in  Gage  Lines  Subscript 

\R8T Outer  Face 


Inner  Face 

Stress-To  Right  of  Base  Line  is  Compression.To  Left  of  Base  Line  is  Tension 
Maximum  Mounting  Pressure    39.9  Tons 

Fig.  38.      Corresponding  Simple  Unit  Stresses  in  33-in  725-lb.  M.  C.  B. 
Wheel  No.  49  317  Caused  by  Mounting  on  Axle 
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\langential  Stress  in  Gage  Lines  Suffix    T 
wm  Radial  Stress  in  Gage  Lines  Suffix       R 
k?ks  Bracket  Stress  in  Gage  Lines  Subscript 
Outer  Face 


Inner  Faa 


Stress-To  Right  of  Base  Line  is  Com  press ion.To  Left  of  Base  Line  is  Tension 
Max/mum  Mounting  Pressure -430    Tons 

Fig.  39.      Corresponding  Simple  Unit  Stresses  in  33-in  725-lb.  M.  C.  B. 
Wheel  No.  49  305  Caused  by  Mounting  on  Axle 
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Fig.   40.    Average  Unit   Stresses  in  33-in.   725-lb.   M.   C.   B. 
Wheel  No.  49  317  Caused  by  Mounting  on  Axle 
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Fig.   41.     Avekage  Unit   Stresses   in  33-in.   725-lb.   M.   C.   B. 
Wheel  No.  49  305  Caused  by  Mounting  on  Axle 


72  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


VII.     Summary  op  Conclusions 

The  results  recorded  in  the  previous  pages  may  be  summarized  as 
follows : 

(1)  The  tensile  strength  of  the  metal  taken  from  different 
parts  of  the  plates  of  three  wheels  ranged  from  23  300  to  32  800 
lb.  per  sq.  in.,  and  the  modulus  of  elasticity  ranged  from  14  to 
28  million  lb.  per  sq.  in.  It  is  probable  that  these  variations  may 
be  explained  by  variations  in  chemical  composition  of  the  several 
specimens,  and  variations  in  the  treatment  of  the  wheels  after 
casting.  Whatever  be  the  reason,  however,  they  suggest  that  a 
study  of  the  metallurgy  of  wheel  irons  offers  possibilities  of 
improvement  by  which  the  higher  values  obtained  in  these  tests 
might  be  consistently  maintained  or  possibly  exceeded. 

(2)  No  distinct  relation  was  apparent  between  the  ultimate 
strength  of  wheel  iron  and  either  the  Brinell  or  the  scleroscope 
hardness,  nor  could  a  constant  relation  be  determined  between  the 
Brinell  and  scleroscope  results. 

(3)  In  forcing  the  625-lb.  and  725-lb.  M.  C.  B.  or  Washburn 
type  of  wheel  on  an  axle  the  maximum  tensile  strain  or  stress  is  a 
tangential  or  "hoop"  strain  or  stress  occurring  at  the  bore,  and 
it  may  be  on  either  the  inner  or  the  outer  face  of  the  wheel. 

On  the  outer  face  of  this  type  of  wheel  in  a  radial  direction 
the  strains  or  stresses  are  compressive.  They  are  a  maximum  at 
the  bore  and,  in  traversing  the  section  of  the  wheel  from  the  bore 
toward  the  tread,  they  decrease  up  to  a  point  where  the  radius 
equals  the  mean  radius  of  the  core,  beyond  which  an  increase 
occurs  up  to  a  point  at  or  near  the  intersection  of  the  inner  and 
outer  plates,  after  which  a  decrease  again  occurs. 

On  the  inner  face  in  a  radial  direction  the  strains  or  stresses 
are  likewise  compressive  and  a  maximum  at  the  bore.  If  a  similar 
traverse  be  made  across  the  section,  these  strains  or  stresses  de- 
crease np  to  a  point  where  the  radius  equals  the  mean  radius  of 
the  core;  they  are  then  of  approximately  uniform  intensity  up 
to  a  point  whose  radius  is  equal  to  the  outer  radius  of  the  core; 
beyond  this  point  the}'  again  decrease. 

(4)  In  pressing  the  740-lb.  Arch  Plate  wheels  on  the  axle, 
the  maximum  tensile  strain  or  stress  was  a  tangential  strain  or 
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stress  on  the  inner  face  and  at  the  bore.  In  general  the  tensile 
stresses  on  either  face  of  the  wheel  were  a  maximum  at  the  bore 
and  decreased  toward  the  tread. 

With  respect  to  the  strains  or  stresses  in  a  radial  direction  on 
the  outer  face,  no  measurements  were  taken  in  close  proximity  to 
the  bore,  and  accordingly  nothing  definite  can  be  stated  concerning 
their  intensity  in  this  region.  However,  the  strain  in  a  radial 
direction  taken  nearest  to  the  bore  was  relatively  small  and  was 
tension  in  one  wheel  and  compression  in  the  other.  This  fact  may 
be  due  to  bending  action  in  conjunction  with  the  thrust  of  mount- 
ing. As  the  tread  was  approached,  the  strains  and  hence  the 
stresses  became  compressive  and  of  increasing  intensity,  reaching 
a  maximum  at  a  point  whose  radius  was  equal  to  the  mean  radius 
of  the  core,  beyond  which  they  again  decreased. 

On  the  inner  face  over  the  region  investigated,  the  strains 
or  stresses  in  the  radial  direction  were  compressive,  reaching 
the  maximum  nearest  the  bore  and  decreasing  to  a  minimum  at  a 
point  whose  radius  was  equal  to  the  mean  radius  of  the  core, 
after  which  they  again  increased. 

(5)  In  the  regions  of  the  chaplets  and  core  holes,  pressing 
the  wheel  on  the  axle  causes  tensile  strains  in  a  tangential  direction 
which  are  of  lesser  intensity  than,  but  approach  in  magnitude  to, 
those  at  the  bore. 

(6)  The  stresses  and  strains  in  the  brackets  which  are  pro- 
duced in  a  radial  direction  by  mounting  are  relatively  insignificant, 

(7)  The  strains  caused  by  mounting  the  wheels  on  the  axles, 
when  mounting  alone  is  considered,  are  greatest  in  the  hub  near 
the  axles.  These  strains,  although  apparently  high  in  the  case 
of  the  greatest  values  recorded,  are  steady  and  not  repeated  as 
is  the  case  with  the  majority  of  strains  produced  in  service. 
Moreover,  these  highest  strains  extend  through  a  comparatively 
thin  layer  of  metal  near  the  axle,  and  this  strained  layer  is  backed 
by  other  layers  of  less  strained  metal. 

(8)  In  general  the  static  load  is  transmitted  from  hub  to 
rail,  mainly  through  the  outer  plate,  while  the  smaller  portion  of 
the  load  goes  through  the  inner  plate.  This  effect  is  more 
pronounced  in  the  740-lb  Arch  Plate  than  in  the  725-lb.  M.  C.  B. 
type  of  wheel.     This  division  of  the  load  seems  desirable  in  that 
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the  inner  plate  may  be  considered  as  affording  reserve  capacity  for 
the  purpose  of  absorbing  the  effect  of  side  thrust  on  the  flange 
when  rounding  curves. 

(9)  Pressing  the  wheel  on  the  axle  is  much  more  effective  in 
producing  stress  or  strain  within  the  wheel  than  the  normal  static 
load,  and  ii  therefore  follows  thai  the  addition  of  the  normal 
static  load  does  not  greatly  add  to  or  otherwise  modify  the  more 
important  of  the  existent  si  rains  caused  by  mounting. 

(10)  Abnormalk  heavy  loads,  in  the  absence  of  impact,  side 
thrust,  etc.,  may  lie  sustained  by  wheels  without  increasing  the 
normal  strains,  already  existent,  to  such  an  extenl  as  to  seriously 
stress  the  wheel. 

(11)  The  maximum  strains  reported,  caused  by  the  combined 
effects  of  mounting  and  static  load,  appear  large  when  expressed 
in  terms  of  the  stress  that  would  exist  if  the  material  were  sub- 
jected to  simple  tension  or  simple  compression.  As  previously 
stated,  these  strains  are  produced  in  the  main  by  the  mounting 
load,  and  the  more  important  si  rains  are  those  of  tension,  which 
in  general  are  greatest  near  the  bore  of  the  wheel.  The  character 
of  the  strains,  and  the  backing  of  the  material  most  strained  by 
less  strained  material,  probably  makes  possible  without  injury 
to  the  materia]  greater  strains  or  deformations  than  would  be 
allowable  in  the  case  of  material  no1  so  supported  and  subjected 
to  simple  tensile  stress.  As  previously  staled,  the  problem  is  one 
of  compound  stress,  and  the  method  used  in  computing  the 
stresses  reported  is  thought  to  give  the  highest  values  for  these 
that  could  be  expected  under  such  conditions.  Any  error  in 
estimating,  from  the  stress  values  determined  in  this  way,  when 
elastic  failure  might  take  place,  would  be  upon  the  side  of  safety. 
In  this  connection  it  should  also  be  remembered  thai  the  stresses 
reported  are  those  produced  by  two  forms  of  wheel  loading  only, 
and  that  I  he  strains  and  stresses  resulting  from  these  two  forms 
of  loading  (mounting  and  static)  may  be  materially  modified  by 
additional  stress-producing  factors  to  which  a  wheel  may  be 
subjected  in  service. 


THE   PROPERTIES   OF   CHILLED  IRON    CAR   WHEELS  75 


APPENDIX   A 

A  Short  History  op  the  Chilled  Iron  Car  Wheel  with  Infor 
mation  Concerning  Its  Manufacture  and  Special  Properties 

If  molten  iron  comes  in  contact  with  iron  at  room  temperatures 
or  is  poured  into  a  metallic  mold  it  quickly  solidifies.  The  sudden 
solidification  of  the  metal  prevents  the  combined  carbon  therein  from 
precipitating  out,  thereby  producing  a  metal  in  which  all  the  carbon 
is  in  the  combined  form;  that  is,  the  so-called  "white  cast-iron"  or 
"chilled  iron"  is  produced.  This  principle  was  discovered  in  England 
about  1820  by  a  foundry  workman  who,  quite  by  accident,  noticed  that 
when  the  excess  metal  remaining  in  the  ladles  after  pouring  the  mold 
was  emptied  on  the  floors,  the  metal  which  came  into  contact  with 
iron  had  quite  different  properties  from  thai  which  solidified  in 
contact  with  sand  and  air  alone.  The  extreme  hardness  and  resistance 
to  wear  of  that  portion  of  a  casting  chilled  in  this  way  were  quite 
evident.  In  America  the  application  of  the  principle  of  chilling  to 
car  wheel  manufacture  occurred  about  1835.  Three  years  later  a 
Mr.  Lobdell  designed  a  wheel  which  marked  the  successful  entrance 
of  chilled  iron  into  the  car  wheel  field.  In  1850  Mr.  N.  Washburn 
conceived  a  design  of  a  chilled  iron  wheel  which  at  that  time  weighed 
500  lbs.  The  general  features  of  this  type  of  wheel,  Figs.  42  and  43, 
are  the  merging  of  inner  and  outer  plates  into  a  single  plate,  the 
brackets  and  the  "ogee"  curve  being  formed  on  the  outer  face  of  the 
wheel.  In  1904  the  Master  Car  Builders  Association  adopted  three 
designs  of  chilled  wheels  of  the  Washburn  type  weighing  600,  050, 
and  700  lbs.,  as  recommended  practice  for  cars  of  30,  40,  and  50  ton 
capacity.  Slight  variations  in  details  of  design  persisted  up  to 
1909,  after  which,  reasonably  si  rid  adherence  to  the  recommended 
M.  C.  B.  standards  was  maintained.  As  a  result  of  the  maximum 
weight  mentioned  in  the  M.  C.  B.  specifications,  these  three  designs 
became  commonly  known  as  625-lb.,  675-lb.,  and  7254b.  wheels.  In 
1917  the  675-lb.  Washburn  type  of  wheel,  generally  spoken  of  herein 
as  the  M.  C.  B.  type,  for  the  40-ton  ear  was  replaced  by  a  700-lb. 
pattern  of  different  design.  This  design,  generally  called  the  Arch 
Plate  type,  differs  from  the  Washburn  type  in  that  the  three  curves 
of  the  "ogee"  curve  on  the  (inter  face  of  the  latter  have  been  replaced 
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by  a  single  curve  of  large  radius.  An  additional  wheel  of  the  Arch 
Plate  type  weighing  850-lb.  was  also  adopted  as  recommended  practice 
for  70-ton  capacity  cars.  In  1920  the  Mechanical  Section  of  the 
American  Railroad  Association  adopted  as  recommended  practice 
two  more  car  wheels  of  the  Arch  Plate  design  with  nominal  weights  of 
650  and  750  lbs.,  these  to  take  the  place  of  the  former  625  and  725-lb. 
wheels.     Four  33-in.  cast-iron  wheels  all  of  the  Arch  Plate  design 


M.  C.  B.   or  Washburn  Type 


Arch  Plate  Type 


Fig.  43.     Sections  of  Chilled  Car  Wheels 


weighing  respectively  650,  700,  750,  and  850  lbs.  are  now  recommended 
practice  for  the  American  Railroad  Association.  The  underlying 
reasons  for  substituting  the  Arch  Plate  for  the  Washburn  pattern 
are  due  to  both  laboratory  and  service  indications  that  the  former, 
assuming  equal  weight  of  wheels  in  both  cases,  transmits  the  imposed 
loads  with  less  internal  strain,  and  as  a  corollary  thereof,  with  a  greater 
factor  of  safety.  This  very  briefly  covers  the  history  of  the  chilled 
wheel  to  date. 

The  manufacture  of  chilled  iron  wheels  is  a  rather  complex 
problem  and  is  carried  on  in  a  highly  specialized  manner.  One  of 
the  staples  of  the  iron  markets   in   this   country   is   old   worn   out 
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wheels  and  they  represenl  from  40  to  60  per  cenl  of  the  mixture  used 
in  the  production  of  new  wheels.  The  balance  of  the  material  consists 
of  pig  iron,  special  scrap,  and  alloys.  To  give  the  wheel  certain 
properties,  and  to  enable  it  to  meet  service  conditions  successfully 
and  pass  the  rigid  inspections  imposed  by  the  recommended  M.  C.  B. 
specifications,*  it  is  necessary  to  control  the  relative  proportions  of 
scrap  wheels,  pig  iron,  and  alloys  quite  closely.  In  order  to  do  this, 
chemical  laboratories  operated  by  responsible  chemists  are  maintained 


Fig.  44.    Cross  Section  op  a  Cak  Wheel  Mold 


as  adjuncts  1  < >  the  foundries.  These  laboratories  furnish  both  the 
necessarily  accurate  control  of  the  material  that  goes  into  the  cupola 
and  an  indical  ion  of  the  character  of  the  finished  product.  The  method 
of  molding  ;i  east  iron  car  wheel  is  indicated  by  the  cross-section  of  a 
car  wheel  mold  shown  in  Pig.  44.  Identification  of  the  various  parts 
of  the  mold  is  easily  made  by  means  of  the  figure.  Attention,  however, 
is  specifically  directed  to  the  chill.  This  is  a  cast-iron  ring  of  special 
chemical  composition,  whose  inner  face  is  machined  to  the  desired 
contour  of  the  tread  and  one  half  of  the  flange  as  shown.  It  rests 
on  the  now  el  and  in  turn  supports  the  cope  of  the  mold.  After  the 
mold  is  made  up,  everything  is  ready  for  pouring.  The  molten 
metal    is   taken    from    the   bottom   of   the    ladle   mi   that    the    impurities 
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remain  in  the  ladle.  About  12  seconds  is  taken  to  fill  a  mold  for  a 
725-lb.  wheel.  When  the  molten  metal  carrying  carbon  in  the  com- 
bined state  cames  in  contact  with  the  cold  chill,  the  sudden  solidifica- 
tion of  the  metal  does  not  allow  sufficient  time  for  the  precipitation  of 
the  carbon  from  the  iron — thereby  producing  an  extremely  hard  metal 
called  "chilled  iron"  in  that  part  of  the  wheel  which  comes  into  con- 
tact with  the  rail.  The  "chilled  iron"  exists  to  a  depth  of  from 
y2  to  1  in.  The  balance  of  the  mold,  which  consists  of  specially 
tempered  molding  sand  and  two  dry  sand  cores,  allows  a  more 
gradual  cooling  or  solidification  of  the  metal  in  the  other  parts  of 
the  wheel.  Consequently,  the  combined  carbon  in  the  molten  metal 
lias  sufficient  time  to  precipitate  out  during  cooling,  which  in  turn 
produces  a  gradation  in  the'  relative  amounts  of  combined  and 
graphitic  carbon  across  the  section  of  the  wheel.  This  results  in  a 
wheel  whose  tread,  or  that  part  of  the  wheel  which  comes  in  contact 
with  the  rail,  consists  of  an  extremely  hard  metal  capable  of  resisting 
both  excessive  deformation  and  wear,  while  the  remainder  of  the 
wheel  consists  of  relatively  soft  material  which  can  be  easily  machined, 
and  which  is  suited  to  resist  the  stresses  put  upon  it  in  service. 

After  the  wheel  has  been  poured  it  is  allowed  to  remain  in  the 
mold  for  about  5  min.  or  until  it  has  solidified,  after  which  it  is 
removed  and  placed  in  a  brick  lined  pit.  After  the  pits  are  filled  they 
are  closed,  and  the  temperature  of  the  wheel  at  first  becomes  uniform 
and  then  gradually  reduces  over  a  period  of  about  3  to  5  days.  This 
process  is  called  annealing,  and  has  for  its  purpose  the  removing 
of  such  strains  as  may  have  arisen  because  of  the  unequal  conditions 
of  cooling  while  pouring.  Proper  annealing  is  important,  as  wheels 
cooled  in  air  are  apt  to  crack  and  arc  subject  to  failure  on  account  of 
excessive  internal  strains.  If  wheels  containing  high  residual  strains 
were  placed  in  service  a  potential  danger  would  exist,  and  might  result 
in  serious  wheel  failures.  For  this  reason  careful  attention  is  given 
to  the  process  of  pitting  or  annealing. 

After  having  been  cooled  in  the  pits  the  wheels  are  removed  and 
cleaned  of  molding  sand  by  means  of  a  sand  blast,  and  are  then 
subjected  to  rigid  inspection  to  see  if  the  specifications  of  the  buyer 
have  been  fufilled.  After  having  passed  inspection  the  wheels  are 
bored  out  at  the  center — the  only  machine  work  performed  on  the 
chilled  car  wheel  during  the  process  of  manufacture.     In  machining, 
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the  finished  diameter  of  the  bore  is  made  slightly  smaller — about 
0.002  in.  per  in.  of  bore  diameter — than  the  axle  on  which  it  is  to  be 
mounted.  The  slight  difference  between  the  size  of  the  wheel  bore 
and  the  axle  requires  a  pressure  of  about  10  tons  per  in.  of  axle 
diameter  in  order  to  force  the  wheel  on  the  axle;  that  is,  a 
6-in.  wheel  bore  would  require,  approximately,  the  pressure  of  about 
60  tons  to  mount  the  wheel  on  the  axle.  Mounting  is  accomplished  in 
specially  built  hydraulic  wheel  presses,  and  the  wheel  is  then  ready 
to  be  placed  in  service. 
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APPENDIX  B 

Tabulated  Results 

Tables  2  to  9,  inclusive,  present  figures  relating  to  the  strain 
determinations  which  were  made  in  connection  with  the  eight  wheels 
tested.  In  these  tables  the  deformations  measured  by  the  strain  gage 
have  been  reduced  so  that  they  are  listed  as  unit  strains.  An  absence 
of  sign  indicates  tensile  strain ;  whereas  a  minus  sign  denotes  com- 
pressive strain. 


Table  2 

Unit  Strains  Produced  by  Mounting  Wheel  on  Axle 
33-iii.  725-lb.  M.  C.  B.  Wheel  No.  671  237 

Strains  Given  in  Table  are  Expressed  in  Hundred-thousandths 
of  Inches  Per  Inch 


On  Outer  Face  of  Wheel 

Radials  along  which  Gage-lanes  Are  Located 

Gape- 

Lines 

A 

B 

C 

D 

E 

F 

G 

II 

IR 

—43 

—28 

13 

—10 

2R 

—32 

—109 

—69 

—82 

3R 

—102 

—56 

—127 

—  117 

4R 

—65 

—24 

—31 

—  12 

r>R 

—105 

—116 

—32 

—51 

4T 

222 

66 

39 

53 

5T 

182 

116 

56 

62 

On  Inner  Face  of  Wheel 

5R 

—62 

—64 

—4 

5T 

108 

.... 

177 

173 

218 
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Table  2a 

Unit  Strains  Produced  nv  Combined  Effects  ok  Mounting 
and  Static  Loads 

33  in.  725-lb.  M.  C.  B.  Wheel  No.  671  237 

Strains  Given   in   Table  are    Expressed    in    Hundred-thousandths 

of    Indies    Per    Ini'li 


Loads  Applied  at  A 


(  >n  (hitcr  Face  of  VS  heel 


On  Inner  Face  of  Wheel 


Effect 

of 

Mountr 

inj; 
Alone 

Combined  Effects  of 
Mounting  and  Static  Loads 

Gage- 
Lines 

Effect 

of 
Mount- 
ing 
/Vlone 

Combined  Effects  of 
Mounting  and  Static  Loads 

Gage- 
Lines 

Static  Loads  of 

Static  Loads  of 

21  000 
lb. 

80  500 
lb. 

150  1)00  200  000 
lb.            lb. 

21000    80  500 
lb.           lb. 

• 

150  000200  000 
lb.           lb. 

BIB 
B2R 
B3R 

lui; 
B5B 

—43 
—32 
-102 

Ii.') 
-105 

—49 
—36 
99 
—68 
-131 

—30 
11 

104 
—82 

116 

56       —60 

—44       —63 

us         118 

72        —72 

—97       —85 

B4T 
B5T 

222 
182 

215 

177 

213 

172 

227 
185 

217 
171 

B5T 

108 

106 

104          114           111 

D1R 

—28 
—109 

—56 
r— 24 

-116 

—30 

—118 

—65 

—37 
—121 
—49 

D5B 

D5T 

-  02 
177 

D2R 

1)31! 

1  UK 

D5B 

50 

D4T 

66 
116 

161 

159 

1  )5T 

182          177 

FIB 

13 

—69 
—127 
—31 
—32 

5 

16 

i.-.i; 
F5T 

64 

173 

1  2B 

F3B 

in; 

1  1 

—30 

F5B 

—70        —06 

F4T 

39 

50 

F5T 

190          195 

II  IK 
112  It 
H3R 
H4R 
H5R 

—10 
—82 
—117 
—  12 
—51 

— 22 
—99 
1 25 
—11 
-51 

—16 
—103 
—126 
0.0 

—43 

—  9 
—99 
—125 
—20 
—00 

—  3 
—104 
—139 
-15 
—68 

II.  -.K 

iivr 

—4 

218 

2 
210 

11 
213 

—7       —12 

H4T 

ii. vr 

53 
62 

54 
56 

39 
53 

45 
00 

32 
65 

221          226 
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Table  2a — Continued 

Unit  Strains  Produced  by  Combined  Effects  of  Mounting 
and   Static   Loads  • 

33-in.  725-lb.  M.  C.  B.  Wheel  No.  671  237 

Strains  Given  in  Table  are  Expressed  in  Hundred-thousandths 

of  Inches  Per  Inch 
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Loads  Applied  at  C 


Gage- 
Lines 

Effect 

of 
Mount- 
ing 
Alone 

Static  Loads  of 
80  500                  202  500 

lb. 

lb. 

K1K 

—4:! 

—30 

—35 

B2R 

—32 

B3R 

-102 

—  124 

—149 

B4R 

—05 

—70 

—89 

B5R 

—105 

104 

—  108 

B4T 

223 

233 

234 

B5T 

182 

178 

177 

D1R 

—28 

-28 

—45 

D2R 

—109 

—  118 

—  118 

D3R 

—56 

—00 

—92 

1)4R 

-24 

—34 

D.-.R 

— 110 

-124 

—  121 

D4T 

06 

44 

37 

D5T 

117 

110 

115 

84 


ILLINOIS  ENGINEERING   EXPERIMENT  STATION 


Table  3 

Unit  Strains  Produced  by  Moitntino  Wheel  on  Axle 
33-in.    725-lb.  M.  C.  B.  Wheel  No.  (571  449 

Strains  Given   in   Table  are  Expressed   in    Hundred-thousandths 
of  Inches  Per  Inch 

On  Outer  Face  of  Wheel 


Gage- 
Lines 

Radials  along  which  Gage-Lines  Are  Located 

A 

B 

C 

D 

E 

F 

G 

H 

1R 
2R 
3R 
4R 

—13 

—72 
31 

—52 
—67 
—80 

—  7 

—42 

—75 
24       " 

28 
—57 
—74 
—49 

—25 

—59 

—  116 

—29 

IT 
2T 
3T 
4T 
5T 

20 
21 
48 
25 

103 

41 
31 
26 
73 

47 
37 
78 
115 

92 

5 

9 

39 

64 

23 

28 

44 

55 

149 

On  Inner  Face  of  Wheel 


1R 

—16 

lRb 

—27 

—18 

—29 

—20 

—6 

2R 

—14 

2Rb 

—53 

—  6 

—74 

—28 

3R 

—23 

—25 

—30 

0.0 

—17 

4R 

—16 

—7 

4 

22 

—10 

0.0 

5R 

—31 

—39 

—32 

2T 

36 

24 

3T 

\  55 

30 

62 

32 

49 

72 

4T 

110 

57 

51 

15 

79 

59 

5T 

161 

136 

141 

158 
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Table  3a 

Unit  Strains  Produced  by  Combined  Effects  of  Mounting 
and  Static  Loads 

33-in.  725-lb.  M.  C.  B.  Wheel  No.  671  449 

Strains  Given  in  Table  are  Expressed  in  Hundred-thousandths 

of  Inches  Per  Inch 


Loads  Applied  at  A 


On  Outer  Face  of  Wheel 

On  Inner  Face  of  Wheel 

Combined  Effects  o 

Combined  Effects  of 

Effect 

of 
Mount- 

Mounting  and  Static  Loads 

Gage- 
Lines 

Effect 

of 
Mount- 

Mounting and  Static  Loads 

Gage- 

Static  Loads  of 

Static  Loads  of 

Lines 

Alone 

21000 
lb. 

80  500 
lb. 

150  000  200  000 
lb.            lb. 

ing 
Alone 

21000 
lb. 

80  500 
lb. 

150  000200  000 
lb.            lb. 

AIR 

—13 

—  19 

—38 

—83 

—123 

AlRb 

—27 

—27 

—37 

—55        —81 

A2R 

A2R.b 

—53 

—53 

—50 

—61        —97 

A3R 

—72 

—84 

—140 

-96 

—160 

A3R 

—23 

—28 

—31 

—34        —40 

A4R 

31 

27     i  —15 

4 

—41 

A4R 

—16 

—  9 

—  7 

—  17        —22 

AIT 

20 

26 

42 

62 

95 

A2T 

21 

27 

35 

55 

81 

oo 

52 

54 

83          108 

A3T 

48 

61 

71 

80 

123 

A3T 

110 

103 

116 

122          154 

A4T 

25 

37 

45 

75 

108 

A4T 
A5T 

161 

159 

156 

175          185 

Loads  Applied  at  G 


Static  Loads  of 

Static  Loads  of 

80  500                  202  000 

80  500 

202  000 

28 

lb.                          lb. 

—14 

lb. 

lb. 

G1R 

—     8                   —  59 

2 

—27 

G2R 

-57 

—121                    —197 

G2R 

G3R 

-74 

—143 

—267 

G4R 

•^9 

—  75 

—109 

GIT 

5 

29 

82 

24 

37 

84 

G2T 

9 

27 

74 

G2T 

15S 

164 

184 

G3T 

39 

66 

115 

G4T 

64 

92 

132 

G5T 
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Table  4 

Unit  Strains  Produced  nv   Mounting   Wheel  ox  Axle 

33  in.  7  Mi  Ik  Arch  Plate  Wheel  No.  04  17  1 

Strains  Given   in  Table  are   Expressed   in    Hundred-thousandths 

nf   [nches  Per  Inch 


I  hi  (  luter   Face  Of  Wheel 


Radials  aloi 

g  which  ( 

lage-LLnes  Are  Located 

Mean 

Gage- 

Expei  i- 

Lines 

mental 

A 

B 

(' 

1) 

E 

F               (1 

11 

Strain 

2R 

48 

—27 

8 

-14 

38 

—  7 

52 

i:; 

IS 

3R 

—19 

—34 

—32 

—  3:") 

—38 

is 

o 

—17 

—24 

IK 

80 

—71 

73 

82 

—S3 

82 

—91 

—  109 

84 

5R 

—70 

—20 

—129 

SO 

111) 

—83 

—72 

MS 

— S4 

OK 

38 

— (il   ♦ 

-57 

—42 

—S3 

60 

—70 

00 

—60 

7i; 

11 

—  29 

—72 

— 42 

—50 

—  2 

—57 

—35 

38 

m: 

|2 

—  8 

—17 

11' 

—  23 

—  9 

—24 

20 

-14 

9R 

3 

26 

—17 

8 

—  9 

—24 

—18 

0 

—  7 

IT 

77 

71 

D5 

105 

172 

137 

os 

7s 

IOI 

2T 

68 

113 

109 

67 

142 

127 

1  13 

97 

108 

3T 

(is 

155 

85 

23 

70 

97 

19 

85 

75 

IT 

52 

1  15 

36 

17 

65 

63 

35 

45 

.M 

.VI' 

25 

71 

28 

26 

45 

37 

.'il 

42 

6T 

38 

35 

16 

23 

23 

7 

36 

34 

20 

7T 

16 

13 

—  3 

8 

13 

26 

27 

IS 

15 

8T 

23 

11 

—14 

3 

18 

2 

—  6 

IS 

11 

9T 

II 

26 

—  4 

25 

20 

19 

8 

4 

1  1 

l  »n  Inner  Face  of  Wheel 


2B 

39 

—23 

66 

52 

—09 

— 3S 

—47 

—  13 

—43. 

3R 

30 

0  0 

_".i 

12 

15 

17 

17 

—  7 

4K 

—  8 

—  4 

16 

4 

—  8 

3 

4 

—   4 

5R 

21 

-  1 

—  6 

1 

—29 

—15 

7 

—  9 

6Ra,  b 

52 

—58 

59 

—50 

OK 

is 

2 

—29 

—  15 

7Ka 

—34 

II 

23 

—28 

—42 

34 

7R 

38 

12 

19 

—34 

—29 

64 

-17 

:,7 

34 

7Kb 

—33 

26 

38 

3 

25 

9Ra 

26 

—  11 

39 

s 

—17 

—17 

9  Kb 

—17 

27 

—32 

19 

2  1 

IT 

171 

263 

200 

171 

200 

1  :,i  i 

197 

L97 

194 

2T 

95 

282 

187 

128 

164 

!ll 

149 

139 

154 

3T 

82 

131 

77 

H 

'.IS 

4S 

Sll 

so 

4T 

si 

105 

74 

30 

72 

96 

70 

5T 

51 

98 

70 

U 

52 

63 

71 

i.l 

6T 

si 

12 

63 
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Table  4a 

Unit  Strains  Produced  by  Combined  Effects  of  Mounting 

and  Static  Loads 

33-in.  740-lb.  Arch  Plate  Wheel  No.  04  474 

Strains  Given  in  Table  are  Expressed  in  Hundred-thousandths 

of  Inches  Per  Inch 


Loads  Applied  at  A 


On 

Outer  Face  of  Wheel 

On 

Inner  Face  of  Wheel 

Combined  Effects  of 

Effect 
of 

Combined  Effects  of 

Effect 

Mounting  and  Static  Loads 

Mounting  and  Static  Loads 

Gage- 
Lines 

of 

Gage- 
Lines 

Mount- 

Static Loads  of 

Mount- 

ing 
Alone 

ing 
Alone 

21  100  |  81  000    150  000 

202  000 

21  100    810OO 

150  ooi 

202  000 

lb.          lb.              lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

A2R 

•  48 

16            14 

59  • 

56 

aim; 

—39 

—42 

—35 

—45 

—72 

A3R 

—19 

—33       —90 

—65 

—89 

A3R 

—30 

—25 

—  6 

—35 

—62 

A4R 

—80 

—  105      —157 

—176 

—249 

A4R 

—  8 

—15 

—  2 

0.0 

—30 

A5R 

—76 

—96 

—185 

—  167 

—220 

A5R 

—21 

—27 

—27 

—32 

—27 

A6R 

—38 

—61 

—124 

—125 

—174 

A7Ra 

—34 

—33 

—15 

— 44 

—65 

A7R 

—11 

—29 

—76 

—80 

—113 

A7R 

—38 

—37 

—18 

—57 

—65 

A8R 

2 

—35 

—14 

—70 

—109 

A9R 

3 

—  9 

—31 

—60 

—94 

A9Ra 

—26 

-^2 

—35 

—80 

—107 

AIT 

77 

54          113 

110 

127 

AIT 

174 

175 

179 

189 

203 

A2T 

68 

76          117 

102 

109 

A2T 

95 

89 

130 

127 

135 

A3T 

68 

34          104 

88 

76 

A3T 

82 

110 

10.".          120 

131 

A4T 

52 

36            75 

64 

91 

A4T 

81 

67 

90 

123 

142 

A5T 

25 

11            42            33            56 

AST 

51 

57 

58 

67 

125 

A6T 

38 

27            48            56            74 

A7T 

16 

7            23            32            37 

A8T 

23 

7            22            52            93 

A9T 

11 

9            25            39            63 

Loads  Applied  at  C 


Static  Loads  of 

Static  Loads  of 

21   loo 

81500 

151  000 

200  000 

21  400 

81500 

151  000  200  000 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

C2R 

8 

27 

3 

4 

3 

C2R 

—66 

—55 

—49 

—70 

—83 

C3R 

—32 

—78 

—HI 

—109 

—116 

C3R 

0.0 

12 

20 

—  5 

—13 

C4R 

—73 

—87 

—155 

—162 

—194 

C4R 

—  4 

—10 

—  2 

2 

10 

C5R 

—129 

—120 

—179 

—214 

—251 

C5R 

—  1 

—12 

0.0 

5 

13 

C6R 

—57 

—61 

—113 

—131 

—155 

C7Ra 

—23 

—19 

—  1 

—42 

—42 

C7R 

;  —72 

—71 

—135 

—115 

—150 

C7R 

-19 

—  7 

9 

—19 

—24 

C8R 

.  —17 

—37 

—99 

—56 

—89 

C7Rb 

-33 

—  6 

3 

—19 

—  9 

C9R 

—17 

—18 

—60 

—70 

—94 

C9Ra 

—39 

—18 

—22 

—98  ' 

—112 

C9Rb 

-17 

—18 

—  3 

-18 

—16 

C1T 

95 

81 

128 

123 

149 

C1T 

200 

197 

180 

190 

205 

C2T 

I     109 

87 

130 

145 

147 

C2T 

187 

169 

171 

182 

200 

C3T 

85 

36 

100 

127 

145 

C3T 

131 

132 

118 

141 

159 

C4T 

36 

29 

57 

40 

C4T 

105 

116 

82 

133 

133 

C5T 

28 

27 

41 

47 

53 

C5T 

98 

75 

84 

106 

136 

C6T 

16 

29 

39 

51 

68 

C6T 

84 

73 

76 

122 

142 

C7T 

!  —  3 

1 

15 

20 

37 

C8T 

—14 

0.0 

24 

27 

54 

C9T 

—  4 

20 

38 

79 

88 
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Table  5 

Unit  Strains   Produced  in    Mounting   Wheel  on   Axle 

:;:;  in.  740-lb.  Arch  Plate  Wheel  No.  04476 

Strains  Given   in   Table  are    Expressed   in    Hundred-thousandths 

of   Cnches   Per   Inch 


(in  Outer  face  of  Wli 


Radials  along  «  hich  <  lage  Lines 

Arc  Loci 

ted 

\I>  ;m 

Gage- 

Kxperi- 

Lines 

mental 

A 

B 

(' 

1) 

E 

If 

G 

11 

strain 

2K 

36 

l 

20 

-81 

—22 

—29 

—  3 

16 

15 

3R 

—  1.5 

—61 

:<i 

—23 

—61 

19 

—61 

—36 

12 

ii: 

—64 

—88 

68 

—77 

112 

—86 

■128 

—58 

So 

:.R 

—71 

—90 

—96 

11  1 

—89 

82 

Id.", 

—74 

90 

6R 

—38 

65 

—47 

53 

—53 

67 

—71 

53 

56 

7H 

2:; 

21 

23 

i:, 

ir, 

—35. 

—18 

30 

M! 

—11 

31 

'.i 

12 

—  3 

-14 

—12 

13 

9R 

34 

3 

(1   0 

S 

-  1 

—23 

—18 

41 

C 

IT 

123 

11  '. 

68 

129 

111 

1(12 

83 

68 

KK1 

2T 

128 

80 

711 

7li 

98 

11 

9g 

01 

86 

3T 

59 

137 

67 

51 

r.3 

62 

37 

7:, 

68 

4T 

33 

DO 

40 

16 

3(1 

37 

123 

12 

:>1 

5T 

36 

46 

10 

22 

L3 

22 

■to 

26 

2(» 

6T 

26 

32 

■17 

23 

13 

8 

is 

24 

7T 

29 

23 

s 

—39 

11 

—  3 

7 

25 

4 

8T 

ir. 

o 

11 

■13 

—  1 

11 

11 

20 

1  ( 

9T 

—  3 

—  4 

2 

—14 

i:> 

—  7 

27 

2 

•_, 

On  Inner  Face  of  'W  heel 


2R 

—40 

—41 

—50 

—99 

—88 

—80 

—42 

—32 

—59 

3R 

7 

—14 

—23 

—23 

—18 

—35 

—10 

—17 

4R 

—  1 

—30 

—  8 

—15 

11 

—  7 

—12 

—  9 

5R 

-28 

—22 

—23 

—24 

—41 

21 

—25 

2C 

6Ra 

—23 

6R 

—29 

37 

—42 

6 

—26 

7Ra 

—42 

—40 

—35 

—35 

—41 

—61 

53 

—32 

—29 

7R 

—42 

39 

—31 

—28 

35 

7Kb 

—41 

8R 

—15 

9Ra 

27 

—  8 

—31 

—19 

—43 

—48 

—21 

0.0 

—25 

9Rb 

—37 

IT 

171 

167 

160 

195 

166 

123 

176 

180 

168 

2T 

112 

189 

133 

129 

128 

127 

172 

117 

138 

3T 

M 

97 

78 

68 

98 

70 

82 

4T 

60 

53 

61 

21 

87 

83 

61 

5T 

55 

:,l 

74 

17 

68 

81 

63 

6T 

35 

36 

85 

65 

25 

71 

35 

.-,(! 
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Table  5a 

Unit  Strains  Produced  by  Combined  Effects  of  Mounting 

and  Static  Loads 

33-in.  740-lb.  Arc!   Plate  Wheel  No.  04476 

Strains  (riven   in  Table  are    Expressed   in    Hundred-thousaudtlis 

of  Inches  Per  Inch 


Loads  Applied  a1  A 


'  >ii  ( tuter  Face  ol  VS 


'  hi   Inner  Face  dl   M 


Effect 
Gage-        of 
Lines    Mount- 
|     ing 
,  Alone 


Combined  Effects  of 
Mounting  and  Static  Loads 


Static  Loads  of 


21  10(1     81  000    150  000202  000 
lb.  lb.  lb.  lb. 


Gage- 
Lines 


Effect 

of 
Mount- 


ing 


<  tombined  Effects  i  ii 
Mounting  and  Static  Loads 


Static  Loads  ol 


u"        21100     SI  000    1.".0  000  202  000 

lb.      lb.      lb.      lb. 


A2R 

A3R 
A4R 

a.-.r 

A6R 
A7R 
A8R 
A9R 

AIT 
A2T 
A3T 
A4T 
A5T 
A6T 
A7T 
AST 
A9T 


36 
—  15 
—64 
—71 
—38 
—2.3 
—11 

34 


23 
-33 
-95 
-94 
-62 
-38 
-20 

13 


—  4 

—92 

138 

-143 

—  102 
—66 
— 5.5 
—35 


123 
128 
59 
3.3 
36 
26 
29 
15 
—3 


116 


156 


150 

181 

54 

72 

30 

41 

35 

29 

10 

18 

30 

51 

3 

32 

-25 

2 

21 

26 

—68 

—92 

-147 

—200 

-169 

—213 

-111 

-151 

—88 

—lis 

—87 

—  122 

—41 

83 

145 

163 

155 

173 

83 

97 

43 

7! 

28 

50 

41 

59 

45 

109 

32 

57 

26 

65 

Loads  Applied  at  G 

Static  Loads  of 

Static  Loads  of 

21  400 

81  500 

!           1           i 

151  000  200  000 

21   100 

81500 

151  000 

200  000 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

G2R 

—  3 

18 

4 

—11 

;  —  e 

G2R 

—42 

—82 

-66 

—90 

—90 

G3R 

—61 

—52 

—103 

—114 

—137 

G3R 

35 

—69 

—72 

G4R 

128 

111 

-177 

-211 

—262 

G4R 

—  7 

—51 

—  4 

12 

23 

G5R 

105 

111 

—166 

j— 186 

—238 

G5R 

—21 

-31 

—  14 

-29 

—16 

G6R 

-71 

—87 

-121 

i— 106 

-154 

G6R 

6 

—25 

—11 

2 

6 

G7R 

—35 

—39 

—75 

—69 

—107 

G7Ra 

53 

51 

82 

50 

69 

GSR 

-12 

0.0 

— 3S 

1  —62 

|—104 

G7R 

—28 

—25 

—17 

—32 

—19 

G9R 

—18 

35 

—17 

—58 

'—109 

G9Ra 

—21 

—29 

—  3 

-48 

— 12 

GIT 

83 

71 

106 

122 

140 

GIT 

176 

174 

193 

1S7 

159 

G2T 

99 

105 

148 

94 

157 

G2T 

172 

166 

200 

186 

219 

G3T 

37 

29 

60 

38 

65 

G6T 

71 

69 

95 

84 

119 

G4T 

123 

113 

118 

135 

172 

G5T 

49 

35 

19 

49 

48 

G7T 

7 

14 

30 

24 

30 

G8T 

11 

—1 

11 

21 

16 

( !9T 

27 

6 

32 

63 

94 
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Table  6 

Unit  Strains  Produced  by  Mounting  Wheel  on  Axle 

33-in.  625-lb.  M.  C.  B.  Wheel  No.  809  711 

Strains  Given   in  Table  are  Expressed  in  Hundred-thousandths 
of  Inches  Per  Inch 


On  Outer  Face  of  Wheel 


On  Inner  Face  of  Wheel 


Radials  al 

ong  which 

Mean 

Radials  along  which 

Mean 
Experi- 

Gage- 

Gage-Lines 

^re  Located 

Experi- 

Gage- 

Gage-Lines  Are  Located 

Lines 

mental 
Strain 

Lines 

mental 

Strain 

A 

B 

G 

D 

A 

B 

C          D 

At 

37 

115 

95 

64 

78 

At 

115 

190 

142        126 

143 

Bt 

67 

109 

83 

86 

Bt 

100 

163 

137        102 

126 

Ct 

50 

68 

58 

83 

65 

Ct 

92 

136 

120        103 

113 

Dt 

40 

108 

65 

86 

75 

Dt 

69 

118 

100     ;     81 

92 

Et 

37 

81 

51 

60 

57 

Et 

64 

107 

85 

71 

82 

Ft 

18 

67 

65 

50 

Gt 

28 

58 

38 

70 

48 

2T 

20 

57 

50 

42 

2T 

50 

75 

53 

58 

59 

3T 

20 

43 

28 

35 

32 

3T 

46 

50 

26 

39 

40 

4T 

19 

9 

18 

20 

16 

4T 

30 

20 

9 

20 

5T 

5 

25 

IS 

11 

15 

5T 

18 

31 

24 

24 

6T 

4          22 

—  6 

—  3 

4 

6T 

27 

2 

28 

—  6 

13 

7T 

9            9 

11 

1 

8 

6Tab 

16 

8 

12 

8T 

15 

15 

3 

—  8 

6 

7T 

18 

28          23 

8 

19 

9T 

—  14 

1 

—  6 

11 

—  2 

10T 

—  6 

—  1 

4 

15 

3 

1R 

—20 

—53 

—17 

—30 

—30 

1R 

—37 

31 

—56 

—32 

—24 

2R 

—23 

—35 

—31 

—20 

—27 

2R 

—31 

—33 

—29 

—38 

—33 

3R 

—26 

—18 

—27 

—  5 

—19 

3R 

—  9 

—27 

—25 

—20 

4R 

—15 

—23 

—39 

—20 

—24 

4R 

—29 

—24 

—  13 

—  7 

—18 

5R 

-17 

—  10 

—33 

—25 

—21 

5R 

—  5 

—  2 

0.0 

—20 

—  7 

6R 

^10 

-12 

-  6 

—19 

—19 

6R 

—10 

—  8 

—28 

1 

—11 

7R 

—19 

—  19 

—24 

—21 

—21 

6Rab 

—25 

—46 

—36 

8R 

—  6 

0.0 

—20 

—  2 

—  7 

7R 

—15 

—13 

—  6 

—16 

—  12 

9R 

—  5 

—  1 

—  17 

—  5 

—  7 

8Rab 

25 

7 

8 

—18 

6 

9Rab 

9 

..      ,       3 

—  13 

0.0 

Gage-Lines  Adjacent  to 

Core  Holes 

Between  Between  Between 

Radials     Radials     Radials 

A  and  B    B  and  C    D  and  A 

i 

IT 

85              72              68 

75 

2T 

19           ill             88 

83 

3T 

lis              66 

92 

4T 

118              A 

6 

82 

THE  PROPERTIES  OF  CHILLED  IRON  CAR  WHEELS 


91 


Table  7 

Unit  Strains  Produced  by  Mounting  Wheel  on  Axle 
33-in.  625-lb.  M.  C.  B.  Wheel  No.  822  269 

Strains  Given  in  Table  are  Expressed  in  Hundred-thousandths 
of  Inches  Per  Inch 


On  Outer  Face  of  Wheel 

On  Inner  Face  of  Wheel 

Radials  along  which 

Radials  along  which 

Gage-Lines  Are  Located 

Mean 

Gage-Lines  Are  Located 

Mean 

Gage- 

Experi- 

Gage- 

Experi- 

Lines 

mental 
Strain 

mental 

Strain 

A 

B 

C 

D 

A 

B 

C 

D 

At 

101 

213 

343 

150 

217 

At 

192 

156 

161 

245 

188 

Bt 

127 

171 

224 

130 

163 

Bt 

148 

131 

165 

228 

168 

Ct 

107 

161 

249 

124 

160 

Ct 

136 

105 

140 

196 

144 

Dt 

115 

137 

171 

91 

128 

Dt 

127 

97 

129 

179 

133 

Et 

97 

115 

174 

106 

123 

Et 

106 

90 

131 

174 

125 

Ft 

39 

121 

140 

84 

96 

Gt 

9.5 

99 

140 

94 

107 

2T 

86 

93 

128 

76 

96 

2T 

104 

77 

118 

147 

112 

3T 

eo 

59 

105 

53 

69 

3T 

84 

62 

79 

148 

93 

4T 

54 

71 

45 

57 

4T 

45 

51 

39 

45 

5T 

40 

37 

44 

33 

38 

5T 

38 

45 

38 

40 

6T 

37 

41 

16 

16 

28 

6T 

29 

16 

28 

51 

31 

7T 

26 

16 

31 

12 

21 

6Tb 

—21 

8T 

9 

6 

11 

9 

9 

7T 

29 

12 

43 

42 

32 

9T 

20 

2 

22 

14 

14 

10T 

11 

3 

15 

—  4 

6 

1R 

—50 

—88 

—17 

—62 

1R 

—29 

—53 

—58 

—66 

—52 

2R 

—42 

—50 

—77 

—56 

—56 

2R 

—56 

—34 

—54 

— 48 

3R 

—  9 

—33 

—47 

—31 

—30 

3R 

—22 

—20 

—29 

—38 

—27 

4R 

—38 

—44 

—50 

—36 

—42 

4R 

—24 

—20 

—10 

—  9 

—16 

5R 

—40 

—54 

—57 

—55 

—51 

5R 

—16 

—24 

—  4 

—21 

—16 

6R 

—59 

—64 

—52 

—55 

—58 

6R 

—  6 

—24 

—16 

—15 

7R 

—52 

—37 

—37 

—49 

—44 

6Rab 

—24 

—33 

—28 

8R 

—18 

—29 

—16 

—18 

—20 

7R 

—11 

—16 

—20 

—13 

—15 

9R 

—41 

—16 

—  4 

9 

—13 

8Rab 

10 

0.0 

34 

15 

15 

9Rab 

4 

24 

10 

1(1 

7 

Gage-Lines  Adjacent  to 

Core  Holes 

Between 

Between 

Between 

Radials 

Radials 

Radials 

A  andB 

BandC 

Dand  A 

IT 

87 

100 

126 

104 

2T 

130 

118 

124 

3T 

101 

101 

4T 

65 

57 

61 

92 
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Table  s 

Unit  Strains   Produced  nv   Mounting   Wheel  on  Axle 
.-,:;  in.  725  Lb.   M.  C.   B.   Wheel   No.    19317 

Si  ruins  Given   in  Table  are   Expressed   in    Hundred-thousandths 

of    Indus    Per    Inch 


( In  <  luter  Face  oi  Wheel 

<  in  Inner  Face  of  \\  nee! 

Ra< 

lials  along  which 

Rai 

lials  rIi 

>iii_'  which 

i  iag< 

-Lines  Arc  Located 

Mean 

( lage 

Lines  Are  Located 

Mean 

Gage- 

Experi- 

Gage- 

Experi- 

Linos 

mental 
Strain 

Lines 

mental 

Strain 

A 

]' 

c 

I) 

A 

i; 

C 

D 

At 

81 

79 

152 

122 

108 

At 

134 

]29 

95 

109 

117 

Bt 

68 

79 

134 

121 

100 

Bt 

11  1 

113 

86 

100 

103 

Ct 

59 

69 

125 

69 

so 

Ct 

107 

80 

79 

90 

89 

l)t 

47 

67 

94 

99 

77 

Dt 

99 

87 

77 

73 

84 

Li 

48 

ill 

88 

94 

73 

Et 

92 

84 

81 

7;'. 

82 

Ft 

4! 

64 

101 

96 

76 

Ft 

83 

76 

67 

72 

74 

G1 

29 

60 

76 

93 

64 

Gt 

83 

68 

66 

72 

m  r 

38 

4(1 

56 

70 

5  ! 

3T 

DO 

51 

49 

65 

50 

4T 

28 

31 

36 

51 

37 

4T 

51 

37 

33 

40 

5T 

34 

28 

21 

36 

30 

5T 

17 

22 

21 

20 

6T 

22 

24 

26 

28 

25 

til' 

23 

44 

21 

29 

7T 

5 

17 

21 

21 

16 

7T 

14 

19 

18 

17 

ST 

10 

7 

8 

13 

10 

9T 

10 

8 

14 

11 

n 

10T 

6 

8 

3 

7 

6 

1R 

—51 

—39 

—49 

—57 

—49 

1R 

1—57 

—82 

-54 

—55 

—62 

2R 

—22 

—23 

—47 

—47 

—35 

2R 

—30 

—31 

—35 

—35 

—33 

3R 

—23 

—23 

—26 

—36 

—27 

3K 

-17 

—22 

—22 

—25 

—22 

4K 

—  17 

—16 

—19 

—33 

—21 

411 

—  6 

—  8 

—  7 

—10 

—  8 

5R 

—  14 

—23 

—22 

—35 

—24 

5R 

1 

—  5 

7 

-10 

—  3 

6R 

-35 

-34 

—40 

—51 

—40 

6R 

-  6 

—  1 

—  7 

—  2 

—  4 

7R 

— 2S 

29 

—39 

11 

—35 

7H 

-19 

—17 

—20 

-19 

—19 

8R 

-13 

-17 

—  17 

28 

19 

8R 

2 

—27 

—12 

9R 

1 

s 

11 

11 

7 

8Ra 

fi 

—10 

—13 

l 

e 

9Ra 

8 

—  9 

—10 

2 

—  6 

Gage-L 

lies  Adja 

•■•lit   to 

( lage-L 

nes  Adjacent  to 

Chapleta 

Heine,   II 

( lore  Holes 

Between 

Between 

Between 

Between 

Between 

Radials 

Radials 

Radials 

Radials 

Radials 

Radials 

A  and  B 

B  and  C 

I)  and  A 

A  and  B 

BandC 

DandA 

IT 

34                63 

61 

54 

IT 

51 

45 

54 

50 

2T 

45                7n 

7.", 

63 

2T 

63 

53 

80 

65 

3T 

Is                  \L' 

09 

66 

3T 

(i.'i 

40 

47 

50 

IT 

17               60 

51 

53 

IT 

24 

15 

13 

17 

5T 

.:.'             30 

511 

39 
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Table  9 

Unit  Strains  Produced  by    Mounting  Wheel  ox  Axle 

33-in.   725-lb.   M.  C.    B.    Wheel   No.  49  1505 

Strains  Given    in   Table  are  Expressed   in   Hundred-thousandths 
of  Inches  Per  Inch 


On  Outer  Face  of  Wheel 

( in  Inner  Fan-  of  Wheel 

Radials  a 

ong  \vh 

ich 

Mean 

Radials  along  u  h 

eh 

Mean 

Gage- 

Gage 

-Lines 

\re  Loc 

ated 

Experi- 

Gage- 

Gage-Lines 

\n-  I  ocated 

Experi- 

Lines 

mental 
Strain 

Lines 

mental 

Strain 

A 

B 

C 

1) 

A           B 

C 

D 

At 

297 

104 

s7 

139 

157 

At 

97        107 

149 

156 

142 

Bi 

268 

NL' 

67 

ltd 

133 

Bt 

'.il        132 

125 

126 

118 

Cl 

210 

79 

til 

113 

123 

Ct 

83        111 

116 

110 

106 

in 

208 

47 

in 

110 

104 

Dt 

129 

107 

95 

110 

l'.t 

1  IS 

62 

50 

109 

94 

Et 

71        119 

90 

80 

92 

It 

134 

r,s 

41 

110 

89 

Ft 

7(i 

100 

89 

SO 

86 

Gt 

12N 

68 

41 

109 

s7 

Gt 

c>:> 

94 

83 

65 

77 

3T 

74 

Hi 

51 

97 

till 

3T 

48 

61 

65 

ti.-, 

60 

IT 

.-,:, 

30 

36 

55 

4(i 

4T 

39 

12 

22 

34 

5T 

30 

2(i 

33 

32 

5T 

n; 

48 

11 

0 

0            35 

6T 

26 

58 

30 

65 

45 

6T 

6 

14 

21 

14 

71' 

13 

15 

20 

24 

18 

7T 

8 

30 

20 

19 

8T 

12 

6 

15 

18 

13 

9T 

14 

7 

15 

12 

12 

LOT 

-   3 

7 

14 

20 

10 

.. 

1R 

-209 

—  114 

—30 

—56 

—102 

1R 

—72     —110 

—82 

—19' 

7        —115 

2R 

— 155 

—  89 

-   1 

—52 

—  74 

2R 

—59      —  60 

—69 

—11. 

5—76 

3R 

-  94 

-  28 

2 

—  40 

3R 

—35      —  32 

—44 

—10' 

1  |      -  54 

u; 

65 

—  22 

-  3 

-30 

—  30 

4R 

—23       -  25 

—27 

—  8! 

>        —  39 

5R 

—108 

34 

—20 

-32 

—  48 

5R 

—10      —  18 

—30 

—  5 

I        —  27 

BR 

—  50 

—  32 

—40 

—79 

—  50 

6R 

—31      —  22 

—16 

—  4 

)        —  27 

71? 

-  47 

—  34 

-41 

—54 

—  44 

7R 

—20             24 

—36 

-   1 

I   i     —  24 

8R 

29 

-  26 

-22 

—  19 

24 

8R 

-21 

—20 

—  20 

9R 

-  17 

-     1 

—11 

—  9 

10 

8Ra 

—  12 

—     8 

—  8 

—     8  | 

9Ra 

' 

1  1 

—22 

"        —     9 

Gage-Lines 

Adjaee 

it  in 

Core 

Holes 

Between 

Bet\ 

■  ■•-ii   B 

Hwee 

ii 

Radials 

Rat 

ials  1  E 

.adia 

s 

A  and  B 

Bar 

dC    L 

and 

\ 

IT 

65 

82 

69 

72 

2T 

82 

82 

82 

3T 

70 

73 

60 

68 

4T 

56 

48 

39 

48 
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APPENDIX  C 

Agree*ment  Between  the  Association  of  Manufacturers  of 

Chilled  Car  Wheels  and  the  University  of  Illinois, 

Providing   for   a    Cooperative    Investigation 

Kelating   to    Chilled    Car   Wheels 

The  following  articles  of  agreement,  prepared  by  the  Engineering 
Experiment  Station  of  the  University  of  Illinois,  were  submitted  to, 
and,  on  January  26,  1916,  approved  by  Geo.  W.  Lyndon,  President 
of,  and  acting  for,  the  Association  of  Manufacturers  of  Chilled  Car 
Wheels.  The  articles  of  agreement  were  likewise  submitted  to,  and, 
on  February  8,  1916,  approved  by  the  Board  of  Trustees  of  the 
University  of  Illinois. 

(1)  That  the  Engineering  Experiment  Station  will  undertake  an  inves- 
tigation concerning  the  stresses  and  behavior  of  chilled  iron  car  wheels,  under 
prescribed  conditions,  the  details  of  the  work  to  be  determined  by  the 
Station  in  conference  with  the  Association 's  Consulting  Engineer,  Mr.  F.  K. 
Vial. 

(2)  That  all  results  secured  from  such  an  investigation  shall  be  the 
property  of  the  Engineering  Experiment  Station.  They  may  be  published 
as  Station  bulletins  or  otherwise,  as  from  time  to  time  may  be  determined  by 
the  Director.  Prior  to  any  publication,  however,  the  intention  of  the  Director 
shall  be  formally  communicated  to  the  Association  of  Manufacturers  of 
Chilled  Car  Wheels  in  order  that  said  Association  may  at  all  times  be  informed 
as  to  the  purpose  of  the  Station.  The  results  also  shall  at  all  times  be  open 
to  the  inspection  and  use  of  the  representative  of  the  Association  of  Manu- 
facturers of  Chilled  Car  Wheels,  who  may  be  assumed  1o  act  in  an  advisory 
capacity  to  the  Station. 

(3)  That  the  funds  of  the  Association  of  Manufacturers  of  Chilled 
Car  Wheels  are  to  be  drawn  upon  for  all  costs  of  labor  and  supplies  arising 
from  the  proposed  investigation.  If  equipment  is  required  in  excess  of  that 
already  available  to  the  Station,  it  will  be  provided  at  the  expense  of  the 
Association.  The  Station  will  supply  the  time  of  members  of  its  staff  for 
the  direction  of  the  work,  and  the  use  of  such  facilities  as  it  may  already 
possess. 

(4)  That  upon  the  approval  of  these  proposals  the  Association  of 
Manufacturers  of  Chilled  Car  Wheels  will  at  once  transmit  to  the  Business 
Office  of  the  University  the  sum  of  $500  as  an  initial  deposit,  and  each 
month  thereafter  will  transmit  such  sum  or  sums  as  may  be  called  for  by 
estimates  of  the  costs  of   the   investigation  for  the  month   next   succeeding. 
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Funds  thus  supplied  are  to  constitute  a  credit  upon  which  the  Director  of 
the  Engineering  Experiment  Station  may  from  time  to  time  draw  to  cover 
the  costs  of  the  proposed  work.  It  will  be  the  purpose  to  maintain,  during 
the  lifetime  of  this  agreement,  a  balance  in  this  account  entirely  sufficient 
to  meet  all  charges  that  will  need  to  be  made  against  it. 

(5)      That  this  arrangement  will  continue  in  effect  until  canceled  through 
the  definite  action  of  one  or  both  of  the  parties  in  interest. 
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LIST    OF 
PUBLICATIONS    OF    THE     ENGINEERING    EXPERIMENT    STATION 


Bulletin  No.  I.  Tests  of  Reinforced  Concrete  Beams,  by  Arthur  X.  Talbot. 
L904.      None   available. 

Circular  No.  !.  High-Speed  Tool  Steels;  by  L.  P.  Breckenridge.  1005. 
None  available. 

Bulletin  No.  ~.  Tests  of  High-Speed  Tool  Steels  on  ( 'ast  Iron,  by  P.  I'. 
Breckenridge  and  Henry  B.   Dirks.     1905.     None  available. 

Circular  No.  2.  Drainage  of  Earth  Roads,  by  Ira  O.  Baker.  1906.  None 
available. 

Circular  No.  ■>.  Fuel  Tests  with  Illinois  Coal  (Compiled  from  tests  .made 
by  the  Technological  Branch  of  the  II.  S.  G.  S.,  at  the  St.  Louis,  Mo.,  Fuel  Test- 
ing Plant,  1904-1907),  by  L.  P.  Breckenridge  and  Paul  Diserens.  1908.  Thirty 
cents. 

Bulletin  No.  3.  The  Engineering  Experiment  Station  of  the  University  of 
Illinois,  by  L.  1'.  Breckenridge.      1906.     Naur  available. 

Built  tin  So.  S.  Tests  of  Reinforced  Concrete  Beams,  Series  of  1  905,  by 
Arthur  N.  Talbot.     1906.      Forty-five  cents. 

Bulletin  Nn.  .').  Resistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman  and 
M.  L.  Carr.     1906.     None  available. 

Bulletin  No.  6.  Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber. 
1906.      None   available. 

Bulletin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge,  S.  W. 
Parr,  and  Henry  B.  Dirks.      1906.     None  available. 

Bulletin  No.  8.  Tests  of  Concrete:  T,  Shear;  II,  Bond,  by  Arthur  N.  Talbot. 
1906.     None  availabh . 

Bulletin.  No.  !>.  An  Extension  to  the  Dewey  Decimal  System  of  Classification 
Applied  to  the  Engineering  Industries,  by  L.  P.  Breckenridge  and  G.  A.  Good 
enough.      1906.      Pevised    Edition,    1912.      Fifty   etuis. 

Bulletin  No.  10.  Tests  of  Concrete  and  Reinforced  Concrete  Columns.  Series 
of   1906,  by  Arthur  X.  Talbot.      1907.     None  available. 

Bulletin  No.  1 1 .  The  Effect  of  Scale  on  the  Transmission  of"  Heal  through 
Locomotive  Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.  10<>7. 
None  availabh  . 

Bulletin  No.  1J.  Tests  of  Reinforced  Concrete  T-Beams,  Series  of  1906,  by 
Arthur  N.   Talbot.      1907.      Nont    availabh. 

Bullel in  No.  /.?.  An  Extension  of  the  Dewey  Decimal  System  of  Classification 
Applied  to  Architecture  and  Building,  by  N.  Clifford  Ricker.  1906.  None 
available. 

Bulletin  No.  14.  Tests  of  Reinforced  Concrete  Beams,  Series  of  1906,  by 
Arthur    X.   Talbot.      1907.      None   available. 
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Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breek- 
enridge.     1907.     None  available. 

Bulletin  No.  16.  A  Study  of  Roof  Trusses,  by  N.  Clifford  Bicker.  1907. 
None  available. 

Bulletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  I).  Hamilton, 
and  W.  F.  Wheeler.     1907.     None  available. 

Bulletin  No.  18.  The  Strength  of  Chain  Links,  by  G.  A.  Goodenough  and 
L.  E.  Moore.     1907.     Forty  cents. 

Bulletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon,  and  Tan- 
talum Filament  Lamps,  by  T.  H.  Amrine.     1907.     None  available. 

Bulletin  No.  20.  Tests  of  Concrete  and  Eeinforeed  Concrete  Columns,  Series 
of  1907,  by  Arthur  N.  Talbot.     1907.     None  available. 

Bulletin  No.  21.  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M. 
Garland.     1908.     Fifteen  cents. 

Bulletin  No.  22.  Tests  of  Cast-iron  and  Eeinforeed  Concrete  Culvert  Pipe, 
by  Arthur  N.   Talbot.     1908.     None  available. 

Bulletin  No.  23.  Voids,  Settlement,  and  Weight  of  Crushed  Stone,  by  Ira  O. 
Baker.     1908.     Fifteen  cents. 

*Bulletin  No.  24.     The  Modification  of  Illinois  Coal  by  Low  Temperature  Dis- 
tillation, by  S.  W.  Parr  and  C.  K.  Francis.     1908.     Thirty  cents. 

Bulletin  No.  25.  Lighting  Country  Homes  by  Private  Electric  Plants,  by 
T.  H.  Amrine.     1908.     Twenty  cents. 

Bulletin  No.  26.  High  Steam-Pressure  in  Locomotive  Service.  A  Review  of 
a  Report  to  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.  1908. 
Twenty-five  cents. 

Bulletin  No.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by 
Arthur  N.  Talbot  and  Duff  A.  Abrams.     1908.     Twenty-five  cents. 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by 
Arthur  N.  Talbot.     1908.    Fifteen  cents. 

Bulletin  No.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Wei. 
Stresses,  Series  of  1907  and  1908,  by  Arthur  N.  Talbot,     1909.     Forty-five  cents. 

Bulletin  No.  30.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas 
Producers,  by  J.  K.  Clement,  L.  H.  Adams,  ami  C.  N.  Haskins.  1909.  Twenty  five 
cents. 

Bulletin  No.  31.  Tests  with  House-Heating  Boilers,  by  J.  M.  Snodgrass. 
1909.     Fifty-five   cents. 

Bulletin  No.  32.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perxy 
Barker.     1909.     Fifteen  cents. 

Bulletin  No.  33.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell. 
1909.     Twenty  cents. 

*Bullctin  No.  34.     Tests  of  Two  Types  of  Tile-Roof  Furnaces  under  a  Water- 
Tube  Boiler,  by  J.  M.  Snodgrass.     1909.    Fifteen  cents. 


A  limited  number  of  copies  of  bulletins  starred  arc  available  for  five  distribution. 
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THE  REHEATING   OF   COMPRESSED  AIR 

I.     Introduction 

1.  Preliminary  Statement. — For  many  years  compressed  air  has 
been  employed  as  a  medium  for  the  transmission  of  power.  The 
simplicity  and  relatively  high  efficiency  of  air  compressors,  the  economy 
with  which  compressed  air  may  be  transmitted  for  comparatively 
long  distances  through  pipe  lines,  and  the  variety  of  air  motors  and 
tools  now  available  have  led  to  the  extensive  use  of  compressed  air 
in  mining,  quarrying,  and  tunneling,  in  various  shop  processes,'  and 
in  the  development  of  power. 

Many  devices  operated  by  compressed  air  are  run  intermittently ; 
and  with  such  apparatus  economy  of  operation  is  generally  sacrificed 
for  simplicity  and  minimum  initial  cost  of  equipment.  Few  air- 
driven  tools  use  the  air  expansively,  wherefore  their  thermal  efficiency 
is  small.  "When  motors  are  operated  continuously  for  considerable 
periods  of  time,  however,  economy  of  operation  becomes  a  considera- 
tion, and  it  is  essential  that  the  air  be  expanded  in  the  motor.  Since 
the  variations  of  volume  and  pressure  of  air  during  compression  and 
expansion  may  be  represented  by  the  equation  pv"  =  a  constant,  air 
is  heated  during  compression  and  cooled  during  expansion.  In  the 
compressed  air  plant  the  heat  of  compression  is  quickly  dissipated  by 
radiation  from  the  air  receivers  and  pipe  lines,  so  that  when  the  air 
reaches  the  motor  its  temperature  is  little  if  any  higher  than  that 
of  the  atmosphere.  Consequently  the  temperature  of  the  air  after 
expansion  is  so  low  that  it  causes  serious  operating  difficulties,  result- 
ing both  from  the  freezing  of  the  moisture  in  the  air  and  the 
consequent  accumulation  of  ice  in  the  exhaust  pipe,  and  .from  the 
ineffectiveness  of  cylinder  lubrication  and  resultant  loss  of  mechanical 
efficiency.  These  difficulties  may  be  overcome  by  heating  the  air 
before  its  delivery  to  the  motor  to  an  initial  temperature  such  that 
the  temperature  of  the  exhaust  air  will  be  above  the  freezing  point 
of  water.  This  heating  process  is  commonly  designated  as  "reheat- 
ing," and  the  term  will  therefore  be  employed  in  the  discussion  which 
follows. 

It  should  be  noted  that  when  compressed  air  is  used  as  a  medium 
for  the  transmission  of  power  the  reheating  process  affords  a  means 
of  increasing  the  total  output  of  power  per  pound  of  air  through 
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the  expenditure  of  a  small  additional  amount  of  heat  energy,  and 
that  no  other  system  of  power  transmission  offers  similar  advantages. 

2.  Purposes  of  Investigation  and  Significant  Results. — This 
investigation  of  the  reheating  of  compressed  air  was  undertaken  to 
determine  the  ideal  thermodynamic  efficiencies  resulting  from  the 
heat  expended  in  the  reheating  process,  the  efficiency  of  external 
and  internal  combustion  reheaters,  the  performance  of  an  engine 
using  air  expansively  under  a  wide  variety  of  operating  conditions, 
and  the  performance  of  the  same  engine  operating  with  steam  alone, 
and  with  mixtures  of  air  and  steam  when  steam  is  injected  into  the 
air  pipe  as  a  means  of  reheating  the  air. 

The  results  of  the  investigation  of  reheaters  show  that  in  small 
external  combustion  reheaters  maximum  efficiencies  of  from  16.7  to 
61.5  per  cent  may  be  secured,  depending  upon  the  type  of  reheater 
employed ;  and  that  in  the  internal  combustion  reheater  of  the  type 
tested  the  efficiency  varied  from  69.4  per  cent  when  326  pounds  of 
air  per  hour  was  heated,  to  83.0  per  cent  when  1240  pounds  of  air 
per  hour  was  heated. 

The  tests  of  the  engine  using  air  as  the  working  medium  show- 
that  under  the  most  favorable  conditions  maintained  the  expenditure 
of  coke  per  indicated  horse  power  per  hour  gained  through  reheating 
was  0.98  pounds,  and,  per  brake  horse  power  per  hour  gained,  0.91 I 
pounds,  ruder  the  least  favorable  conditions  of  operation  with  cold 
air  the  mechanical  efficiency  of  the  engine  fell  to  59.8  per  cent,  while 
under  the  best  conditions  of  operation  with  reheated  air  the  mechanical 
efficiency  was  93.7  per  cent. 

In  the  tests  of  the  engine  using  a  mixture  of  air  and  steam  it 
was  found  that  the  work  done  per  pound  of  mixture  was  considerably 
in  excess,  of  that  attainable  by  the  separate  use  of  the  same  weight 
of  each  ingredient  in  the  mixture.  The  interest  in  air-steam  mixtures 
developed  during  this  investigation  has  led  to  further  studies  of  the 
subject,  the  results  of  which  will  be  presented  in  a  later  bulletin. 

3.  Acknowledgments. — The  experimental  work  of  this  investi- 
gation was  carried  on  in  the  Power  Laboratory  of  the  Depart meiit 
of  Mechanical  Engineering  by  John  N.  Vedder,*  Research  Assistant 
in    Mechanical    Engineering.      During   a   part   of   the   time,    he    was 
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assisted  by  William  E.  Mosher,!  Research  Graduate  Assistant  in 
Mechanical  Engineering.  Because  of  uncertainty  regarding  the  ac- 
curacy of  the  method  originally  employed  in  calibrating  the  Venturi 
tube  used  as  an  air  meter  during  the  tests,  the  tube  was  recently 
recalibrated  and  all  air  weights  recalculated  by  Crandall  Z.  Rose- 
crans,  Research  Assistant  in  Mechanical  Engineering.  This  recal- 
ibration  was  performed  with  the  air  weighing  plant  described  on 
page  81  of  Engineering  Experiment  Station  Bulletin  No.  120,  entitled 
"investigation   of  Warm  Air  Furnaces  and   Heating   Systems." 

The  authors  are  indebted  to  the  Ingersoll-Rand  Company,  the 
Sullivan  Machinery  Company,  and  the  Kreutzburg  Manufacturing 
Company  for  the  loan  of  reheaters  used  during  the  investigation. 


t  Mr.  Mosher  died  in  Washington,  D.  C,  on  October  12,  1918.  At  that  time  he  was 
Assistant  Superintending  Engineer  of  the  D.  S.  Army  Transport  Service,  in  charge  of 
marine   refrigeration. 
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II.     Thermodynamics  of  Reheated  An;:     [deal  Cycles 

I.  Case  I.  No  Expansion.  Compressed  air  may  be  used  in 
motors  in  which  there  is  no  expansion  of  the  air,  in  those  in  which 
there  is  partial  expansion,  and  in  those  in  which  I  here  is  complete 
expansion.  The  ideal  efficiency  resulting  from  the  use  of  reheated 
air — that  is,  the  ratio  of  the  extra  theoretical  work  secured  through 
the  use  of  reheated  air,  expressed  in  British  thermal  units  (B.t.u.), 
to  the  heat  added  to  reheat  the  air,  in  B.t.u. — is  here  developed  for 
these  three  cases. 

In  Fig.  1  let  pe  =  pa  =  Pb  =  the  initial  pressure  in  pounds  per 
square  foot  of  air  admitted  to  the  cylinder  of  a  motor  whose  clearance 


Fig.  1.     Work  Diagram  for  An;.     No  Expansion 

volume  is  zero;  and  p,  =  pa  =  pc  =  the  pressure  of  the  atmosphere. 
Assume  that  va  =  the  volume  in  cubic  feet  of  one  pound  of  air 
whose  absolute  temperature  is  T„.  The  theoretical  work  in  foot- 
pounds per  pound  of  air  at  T„  is  represented  by  the  area  <  a  d  f. 
If  the  air  is  healed  at  constant  pressure  to  a  temperature  '/  ,  its 
volume  will  become  Vi,  and  the  theoretical  work  per  pound  of  air  is 
represented  by  the  area  e  b  c  f.  The  difference  between  these 
areas,  a  b  C  d,  represents  the  additional  work  per  pound  of  air 
resulting  from  the  heat  added  as  "reheat." 


The  area  a  b  c  d  =    {pa  -  p,<  M  ''       v0  I  ft.  Lbs. 

=    A   (  p,:     p„  I!  r,  -    /■,,  i    B.t.U. 
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.1   =  ==z       the  reciprocal  of  the  mechanical  equi\ 
alent  of  heat. 


The  lieal  supplied    =  cp  (Tb-Ta)  B.t.u. 


=  cp  —  (vb  - 

B.t  i 

Tu  _  T 

va        vb 

and  cp  =  mean  specific  heat  of  air  a1  eonstanl 

pressure. 
The  efficiency  ratio  then  beepmes 

-1  {Vc  —  Pd)  {vb  —  va)       A  t>„  (/>,  —  pu) 
//  =  = 

T  r   T 

c„  —  I  r,,  -  v„ ) 


— — -  =  B,  the  air  constant. 


c„  =  the   mean   specific    heal    of   air   at    eonstanl 
volume 

A 

v„       B       c„  —  c. 


Ta      pa        A  p„ 

Hence  E  =  ^^  ( 1  -  ^  )  =  0.2884  (  1  -  '''' 

/•'  Va  Pa 

since  k  =  ^  =  1.405 

c 


5.  Cast  11.  Coiiiphti  Expansion. — In  Fig.  2  let  p,  =  p,,  =  pi,= 
the  initial  pressure;  pf=pa  =  pc=  the  atmospheric  pressure  in 
pounds  per  square  foot;  and  va  =  the  volume  in  cubic  feet  of  one 
pound  of  air  at  a  temperature  Ta  and  pressure  p„.  If  in  a  cylinder 
without  clearance  the  air  be  expanded  to  the  atmospheric  pressure  />,/. 
the  work  in   foot   pounds   for  the  cycle  is  represented    l>\    the  area 
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cad  f.  If  the  air  is  reheated  at  constanl  pressure  from  T„  to  '/',<,, 
its  volume  is  increased  from  va  to  vi,;  and  the  work  of  the  cycle  for 
complete  expansion  is  represented  by  the  area  e  b  c  f.  The  differ- 
ence  between  the   areas,   a    1>    c   d,    represents   the   additional    work 


e 

(7 

b 

f 

d 

o 

Fig.  2.     Work  Diagram  for  Air.     Complete  Expansion 

per  pound  of  air  secured  through  the  heat  added.     The  efficiency  of 
the  reheating  process  is  the  ratio  of  the  heat  converted  into  work  to 
the  heat  added.     With  complete  expansion  of  the  air,  it  is  obvious 
that  the  efficiency  is  the  maximum  attainable. 
Since  pa  v„"  =  p<i  i\i" 
and   pb  vhn  =  pc  v," 

the  work  area  e  a  d  f  = — r  p.a  va     1  —  (  —  )    «        ft.  lbs., 

n  -  1  L  V  P.  I 

n  /  p  \  "  ~~ 1  " 

and  the  work  area  ebcf= pb  vb     1  —  (  —  )    « 

n  -  1 e       L  \V-.) 

=  T  Pa    VtA    1   -    (  —  J      n 

n-V        L  \Va) 

n 
The  work  gained  a  b  c  d  =  — — —  pa  («6  —  O 

=  — —,  B  (  Tb  -  T 


ft.   lbs., 
ft.  lbs. 


ft.   lbs., 


-(;::)"- 


it.  ii>. 


The  "reheat"  supplied    =  -j  c„  (  rfb  —  T„ )  lb  lbs. 
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The  efficiency  then  becomes 
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A  B 
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cP 

(     H 
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1  - 

"(I)-] 

\n  -  } 

/     n 

-X^) 

1  - 
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(     n 
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TV 
!F0 
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If  the  air  is  expanded  adiabatically  n  becomes  equal  to  k  and  the 
efficiency  is  reduced  to 


ir£Anr=  i  - 


Vo 


r„ 


=  1 


6.     Case  777.     Partial  Expansion. — The  least  favorable  case  for 
reheated  air  used  expansively  is  shown  by  the  diagram,  Fig.  3.     As 


e 

C7 

6 

\ 

^^\f 

f 

d 

Fig.   3.     Work   Diagram    for    Air.      Partial   Expansion 


in  Case  II,  the  area  c  a  <l  f  represents  the  work  in  foot  pounds  per 
pound  of  air  whose  initial  volume  is  va  at  a  pressure  p„  and  tem- 
perature 7,..  Assume  that  the  temperature  is  increased  to  Tu  at 
'•mistant  pressure,  and  thai  the  volume  vc  at  the  end  of  expansion  is 
the  same  as  the  volume  Va  attained  after  expansion  of  the  unreheated 
air  to  atmospheric  pressure.  It  is  evident  that  the  work  area  is  the 
smallest  possible  when  expansion  is  employed  if  the  final  volume  is 


hi 
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not  reduced  below  that  attained  when  cold  air  is  used.  If  the  ex- 
pansion of  the  reheated  air  is  carried  farther  than  shown,  that  is. 
if  vc  is  greater  than  va,  the  thermal  efficiency  will  be  somewhere 
between  that  of  Case  II  and  Case  III. 

In  Fig.  '■>  the  work  resulting  from  the  reheat  supplied  is  repre- 
sented by  the  area  a  b  c  d,  winch  is  the  difference  between  areas 
c  b  c  <l  f  and  e  a  <l  /'.    Since 


area  e  b  c  d  f 


n  -  1 


(p„  '',,  -  pc  i)c)-+  vc  (pe  -  pd) 


and  area  e  a  d  f       = (i>„  v„  —  pa  ve) 

n  —  1 


area  a  b  c  d 


(p„  vb  -  pe  vc)  -  (pa  r„  -  p 


+ 


n  -  1 

'V    (.Pc    ~    Pd) 
=    T  1>„    (Vb    -    Va) T    Vc    (Pc   —   Pd)    ft.    11  )S 

n  —  1  v  —  1 

Substituting  the  appropriate  values  of  pr         Hi   in   the  precedinj 
equation  and  multiplying  by  A, 


the  area  a  h  c  d 


AB 


n  -  1 


B.t.u. 


n{Tb-Ta)  ~{Te-Td) 
The   reheat   supplied      =  cp(l\-Ta);    therefore  the  efficiency    is 


Sltiee 


A-  -  1      /  T.  -  Td 

)i  — 


V  T„  -  T„ 


T„  =  T„ 


r      r.C) 


l  ,),  /j,  \ 


v„  \  V, 
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/■: 


n(k  -  1) 
k  (n  -  1 ) 


1  r 

//  \  V, 


-  1 


-  - 1 

v„ 


[f  adiabatic   expansion   is  assumed,    n   =   h   and   the   expression   for 
efficiency  reduces  to 


E  =  1  - 


l/i> 


h\vd 


I 


-  1 


In  this  case  the  efficiency  decreases  as  the  volume  vi,  and  tem- 
perature Tij  increase. 
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Fig.  4.     Theoretical  Efficiencies  of  Air  Cycles 

Reference  to  the  efficiencies   theoretically  attainable   in   Cases    I 
and  TT  shows  thai  they  are  independent  of  the  reheat  added  and  thai 

they  are   functions  <>L'     —     only.     Fig.  4  shows  the  theoretical   effi- 

Vc 

eiencies  for  cycles  having  no  expansion  of  the  air  and  for  those  having 
complete  adiabatic  expansion. 
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III.     Tests  of  Keiieaters 

7.  Method  of  Testing  External  Combustion  Reheaters. — Most  of 
the  tests  of  external  combustion  reheaters  had  a  duration  of  eight 
hours,  all  conditions  during  that  period  being-  maintained  as  nearly 
constant  as  possible.  Since  the  reheaters  tested  and  the  weight  of  fuel 
consumed  were  small,  the  percentage  of  error  in  fuel  weights  due  to 
starting  and  stopping  the  tests  would  have  been  increased  with  a 
reduction  in  time.  With  eight-hour  tests,  however,  it  was  felt  that 
this  error  would  be  very  small. 

Before  starting  a  test  a  preliminary  run  of  about  one  hour 
was  made  to  insure  the  maintenance  of  standard  conditions  from  the 
beginning  of  the  test.  "When  the  compressor,  piping  system,  and 
reheater  had  reached  thermal  equilibrium,  the  fire  was  quickly  drawn 
and  rebuilt  with  weighed  kindling.  This  process  required  about 
three  minutes,  during  which  the  air  was  closed  off  from  the  reheater 
and  the  output  of  the  compressor  escaped  through  the  relief  valve 
on  the  air  receivers.  As  soon  as  the  fire  was  properly  started  the 
air  was  turned  on  and  the  test  begun. 

The  fuel  used,  a  coke  of  good  quality,  was  fired  in  approximately 
equal  weights,  and  at  equal  intervals  of  time  during  each  test.  The 
weights  in  different  tests  varied  with  the  weight  of  air  heated;  and, 
in  general,  the  interval  of  time  was  15  to  20  minutes,  except  in  the 
case  of  the  first  two  or  three  firings  where  the  interval  was  shorter. 
During  the  preliminary  run  the  depth  of  the  fire  necessary  for  the 
assigned  "load"  was  determined;  then,  at  the  beginning  of  the  test, 
the  fire  was  brought  to  this  depth  in  the  shortest  possible  time  by 
using  maximum  draft,  until  the  flue  gas  temperature  was  100  to  150 
degrees  above  the  normal  for  the  test.  This  building  up  period  lasted 
15  to  20  minutes  and  the  second  and  third  charges  were  fired  as  soon 
as  the  previous  charge  showed  red  on  top. 

The  constancy  of  the  temperature  of  the  reheated  air  leaving  the 
reheater  was  the  regulative  factor  controlling  the  tests.  To  maintain 
a  constant  temperature,  a  controllable  furnace  draft  was  found 
indispensable.  The  draft  in  the  stack,  to  which  the  reheater  was 
connected,  was  induced  and  controlled  by  a  jet  of  compressed  air 
from  a  one-eighth  inch  pipe.    A  valve  controlling  the  jet  of  air  made 
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it  possible  to  obtain  any  draft  from  0.05  to  0.40  inches  of  water.  A 
thermometer  inserted  through  a  stuffing  box  directly  in  the  stream 
of  heated  air  made  it  possible  to  observe  the  temperature  and  to 
maintain  it,  with  a  variable  draft,  to  within  about  10  degrees  Fahren- 
heit of  the  mean  temperature. 

A  valve  in  the  air  pipe  about  ten  feet  from  its  entrance  to  the 
reheater  was  employed  to  maintain  in  the  reheater  a  constant  pres- 
sure of  100  to  110  pounds  per  square  inch,  gage,  during  most  of  the 
tests.  The  pressure  in  the  receiver  was  10  to  15  pounds  higher.  The 
flow  of  air  was  controlled  by  a  second  valve  in  the  pipe  leaving  the 
reheater.  The  proper  openings  of  these  valves  were  determined  by 
trial  during  the  preliminary  run,  but  slight  readjustments  were 
frequently  necessary. 

To  assist  in  regulating  the  draft  the  temperature  of  the  flue 
gases  was  determined  by  a  Hoskins  pyrometer.  This  temperature  was 
kept  as  low  as  possible  to  permit  the  maintenance  of  the  desired 
temperature  of  the  reheated  air.  Samples  of  flue  gas  were  taken  in 
aspirator  bottles  over  four-hour  periods  and  analyzed  during  or 
immediately  after  the  test  by  means  of  an  Orsat  apparatus  filled  with 
freshly  prepared  solutions. 

After  leaving  the  reheater  the  air  passed  through  about  12  feet 
of  uncovered  pipe  to  a  gage-box  fitted  with  a  standard  orifice.  A 
pressure  of  from  2  to  5  inches  of  water  was  maintained  in  the  box 
and  the  discharge  was  computed  by  using  the  coefficients  recommended 
by  R.  J.  Durley.*  As  the  relatively  high  temperatures  might  affect 
the  coefficients  of  discharge,  the  Venturi  tube,  later  used  in  metering 
the  air  for  the  engine  tests,  was  connected  in  series  with  the  reheater 
and  gage-box,  and  several  tests  were  run  with  air  at  different  tem- 
peratures. As  the  ratio  between  the  flow  indicated  by  the  meter  and 
the  gage-box  followed  the  same  law  with  and  without  the  heater  in 
operation,  the  use  of  Durley 's  coefficients  for  the  measurement  of  air 
in  the  test  was  justified. 

This  same  arrangement  of  apparatus  was  employed  in  calibrating 
the  Venturi  tube  used  in  the  tests.  This  tube  is  of  a  standard  form 
manufactured  by  the  Builders'  Iron  Foundry  of  Providence,  Rhode 
Island.     It  is  flanged  for  standard  21/irineh  pipe  connections  and  has 


*  Durley,  R.  .1.  "On  the  Measurement  of  Air  Flowing  into  the  Atmosphere  through 
Circular  Orifices  in  Thin  Plates  and  Under  Small  Differences  of  Pressure."  Tnms.  A.  S.  M. 
E.,   v.   27,   i..    193,    1906. 
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a  throat  diameter  of  0.75  inches.  The  standard  differentia]  mercury 
manometer  supplied  by  the  manufacturers  of  the  tube  was  used  in 
all  tests.  In  certain  air-steam  mixture  tests,  made  at  a  later  date 
than  those  described  in  this  bulletin,  the  question  of  the  accuracy 
of  the  calibration  of  the  Venturi  tube  was  raised  and  various  at- 
tempts were  made  to  recalibrate  the  apparatus  by  methods  other  than 
the  one  originally  employed.  No  one  of  these  attempts  was  successful 
until  use  was  made  of  the  air  weighing  plant*  used  to  calibrate 
instruments  employed  in  the  investigation  of  warm  air  furnaces.  A 
careful  recalibration  of  the  Venturi  tube  indicated  that,  with  Durley  's 
coefficients,  the  original  calibration  againsl  standard  orifices  gave 
weights  of  air  which  were  3  per  cent  low.  Accordingly  all  computa- 
tions involving  weights  of  air  originally  made  for  this  bulletin  have 
been  corrected  to  agree  with  this  new  calibration.  This  merely  in- 
volved the  multiplication  of  the  weights  of  air  as  originally  calculated 
by  1.03.  The  determination  by  means  of  the  Venturi  tube  of  the 
weight  of  air  flowing  involves  much  laborious  computation.  In  order 
to  reduce  the  labor  and  at  the  same  time  secure  greater  accuracy,  large 
scale  graphical  charts,  prepared  for  use  with  the  Venturi  tube,  were 
employed  in  making  the  calculations.  It  seems  unnecessary  to  presenl 
this  material  here.t 

During  the  tests  the  following  observations  were  recorded  every 
10  minutes: 

(1)  Temperature  of  air  entering-  reheater 

(2)  Pressure  of  air  entering  reheater 

(3)  Temperature  air  leaving  reheater 

(4)  Flue  gas  temperature 

(5)  Pressure   in   gage-box 

(6)  Temperature  in  gage  box 

(7)  Eoom  temperature 

(8)  Draft 

Other  observations  and   records   were: 

(9)  Barometric  pressure    (each  hour) 
10)       I  >ia  meter    of    orifice 


For  a  description  of  the  plant  s«:  "Investigation   of   Warm   Air  Furnaces  and   Heating 
Systems,"    Univ.  of   111.   Eng.   Exp.   Sta..    Bui.    No.    120,    1921. 

|  The   general   theory   of  gaseous   flow   through    Venturi    tubes   is    presented    in    a    paper, 
The   I'luw    oi    Fluids  in   a   Venturi  Tube,"   bj    Edgar   P    Coleman      Trans    A.   s     M     K  .   v    28 
p      183 
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ill)  Position   of   <  la  id  i  ><>  i 

(12)  Weight   of    kindling 

(13;  Time  of  each   firing 

(14)  Net  weight  of  fuel  on  scales  after  each   firing 

(15)  Weight   of   fuel   fired   each   filing 

(16)  Weight   of    residual    fuel 

(17)  Weight  of   ash   and   refuse 

(18)  Flue  gas  analysis 

Samples  of  each  load  of  fuel  placed  on  the  scales  were  taken  and 
sealed  for  analysis.  Fig.  5  shows  the  general  arrangement  of  testing 
apparatus,  the  figures  referring  to  the  numbered  observations  just 
listed.  The  fire  was  kept  up  to  the  standard  condition  until  the  end 
of  the  test.  About  two  minutes  before  this  time,  the  grates  were 
thoroughly  shaken  and  the  ash  and  refuse  collected,  weighed,  and 
preserved.  Then  at  the  end  of  the  test  the  grates  were  dumped,  and 
the  fire  quenched  with  the  minimum  quantity  of  water  necessary. 
The  residual  fuel  was  Ihen  collected,  weighed,  and  preserved. 


Fig.  5.     General  Arrangement  op  Apparatus  for  Testing 
External  <  Jombustion    Reheater 


8.  Definitions  and  Notation  Employed. — In  rating  compressed 
air  equipment  it  is  customary  to  express  capacity  in  cubic  feet  of 
free  air  per  minute.  The  term  "free  air''  is  loosely  used,  and 
without  specific  definition  is  meaningless.  As  employed  in  this 
bulletin  the  free  air  unit  is  one  cubic  foot  of  air  at  a  temperature 
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of  62  degrees  Fahrenheit  and  a  pressure  of  1-1.7  pounds  per  square 
inch  absolute.  The  volume  of  a  pound  of  air  at  62  degrees  Fahrenheit 
and  14.7  pounds  per  square  inch  absolute  pressure  is  13.147  cubic 
feet.  The  weight  of  a  cubic  foot  of  free  air  is  0.07608  pounds.  One 
pound  of  air  per  hour  is  equivalent  to  0.21906  cubic  feet  of  free 
air  per  minute. 

The  specific  heal  of  dry  air  at  constant  temperature,  cp,  does 
not  greatly  vary  within  the  temperature  range  employed  in  this  in- 
vestigation, but  when  moisture  is  present,  the  change  of  specific  heal 
for  small  temperature  changes  is  marked.  According  to  Swann,  the 
specific  heat  at  constant  pressure  of  dry  air  at  20  degrees  centigrade 
(68  degrees  Fahrenheit)  is  0.24301.  In  computations  made  in  this 
investigation  the  value  of  cp  for  dry  air  was  taken  as  0.243,  and  it  was 
assumed  that  the  air  before  reheating  was  saturated  with  water 
vapor.  By  the  theory  of  mixture  of  gases  and  vapors  it  is  possible 
to  calculate  the  value  of  cp  for  such  mixtures.  Values  of  cv  thus 
calculated  are  given  in  the  various  tables  presented. 

The  efficiency  of  a  reheater  is  the  ratio  of  the  heat  absorbed  by 
the  compressed  air  to  the  calorific  value  of  the  fuel  charged  against  the 
reheater.  The  numerator  of  this  fraction  is  the  product  of  the  weigh! 
of  air  heated  in  pounds,  the  specific  heat  of  the  air  at  constanl  pres- 
sure, and  the  rise  in  temperature  in  degrees  Fahrenheit  ;  the  denomi- 
nator is  the  calorific  value  of  the  total  fuel  fired  minus  the  calorific 
value  of  the  residual  fuel  either  with  or  without  the  fuel  in  the  ash  — 
depending  upon  whether  the  efficiency  of  the  grate  is  excluded  or 
included.  In  internal  combustion  reheaters  using  liquid  fuel  the 
denominator  is  the  calorific  value  of  the  liquid  fuel  consumed. 

For  convenience  of  reference  the  designations  of  all  tests  are 
explained  as  follows  : 

Reheater  tests  are  designated  by  two  numbers  and  a  letter.  The 
first  number  denotes  the  approximate  quantity  of  free  air  in 
cubic  feet  per  minute;  the  second,  the  approximate  temperature  of 
the  air  after  reheating;  and  the  letter  is  added  only  for  the  sake  of 
distinction;    e.g.,  150-400-a. 

Engine  tests  using  air  are  designated  by  four  numbers:  first, 
a  serial  number;  second,  the  gage  pressure  at  the  throttle;  third,  the 
temperature  at  the  throttle;  and  fourth,  the  approximate  cut-off  in 
per  cent  of  the  engine  stroke;   e.g. 
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Air-steam  engine  tests  are  denoted  hy  the  letters  A-S  followed 
by  the  gage  pressure  at  the  throttle  and  the  approximate  percentage 
of  steam  in  the  mixture ;   e.g.,  A-S-100-10. 

Tests  with  steam  alone  are  designated  by  the  letter  S,  followed 
by  the  gage  pressure  at  the  throttle;   e.g.,  S-80. 

9.  Tests  of  Type  I  Beheater. — This  reheater  consists  of  a  cast 
iron  fire-pot  in  the  form  of  the  frustrum  of  a  cone,  with  base. down- 
ward, and  surrounded  by  a  shell  with  an  annular  space  through 
which  the  air  circulates.  A  detachable  urate  at  the  bottom  of  the 
fire-pot  made  it  possible  to  draw  the  fire  in  a  few  seconds.  Since  the 
air  heating  surface  completely  surrounds  the  fire-pot,  the  tempera- 
ture of  the  exterior  of  the  reheater  is  not  greater  than  that  of  the 
reheated  air;  hence  the  loss  by  radiation  is  small.  Type  I  reheater 
has  an  effective  heating  surface  of  2.9  square  feet,  and,  when  reheating 
air  to  400  degrees  Fahrenheit,  a  capacity  of  about  200  cubic  feel  of 
free  air  per  minute. 

Coke  was  used  as  a  fuel  in  all  external  combustion  reheater 
tests.  The  samples  of  coke,  residual  fuel,  ash,  and  refuse  collected 
during  the  several  tests  of  the  Type  I  reheater  were  analyzed  by  the 
Department  of  Chemistry  of  the  University  of  Illinois  with  the  fol- 
lowing results : 

B.t.u. 

(1)  Calorific  value  per  pound   of   air-dry   coke   as  fired,   by 

the   oxygen  calorimeter 12  992 

(2)  Proximate  analysis  of  air-dry  coke: 

Per  Cent 

Fixed  carbon 88.76 

Volatile    matter 1.65 

Moisture 0.55 

Ash 9.04 

100.00 

Moisture  on  drying 0.00 

Sulphur  determined  separately 0.25 

(3)  Ultimate  analysis  of  air-dry  coke: 

Carbon          87.21 

Hydrogen 0.74 

Oxygen         1.34 

Nitrogen 0.87 

Sulphur 0.25 

Ash 9.04 

Moisture    at    105    deg.    C 0.55 

100.00 
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I  l  )      Proximate  analysis  of  residual  fuel: 

Carbon          .                  86.30 

Earthy  matter 13.40 

Moisture 0.30 

100.00 

(5)      Proximate  analysis  of  nsh   and    refuse: 

Carbon         .".0.92 

Earthy   matter 68.93 

Moisture 0.15 

100.00 

It  was  assumed  that  each  pound  of  wood  used  as  kindling  had 
a  calorific  value  of  0.4  pound  of  coke,  and  thai  each  pound  of  oil  used 
in  kindling  the  fire  had  a  calorific  value  of  1.47  pound  of  coke.  The 
calorific  value  of  carbon  is  taken  as  14  r>4()  B.t.u.  per  pound.  Prom 
these  assumptions  and  the  data  from  the  several  analyses  tlie  various 
items  presented  in  Table  I  were  computed.  In  test  100-300-b  lie1 
weight  of  ash  and  refuse  was  not  recorded.  Since  they  were  Obtained 
by  computing  the  ash  and  refuse  from  the  average  urate  efficiency, 
items  18  and  20  for  tins  test  are  enclosed  in  brackets  to  indicate  thai 
their  accuracy  is  open  to  some  question. 

Table  2  presents  various  data  and  the  economic  results  id'  the 
tests  of  Type  I  reheater.  The  several  numbered  columns  of  the  table 
present  average  recorded  data  or  computed  results.  The  methods  of 
computing  the  various  items  are  either  indicated  or  obvious  without 
further  explanation.  The  efficiencies  shown  under  items  14  and  1  5 
are  of  chief  interest.  The  efficiencies,  exclusive  of  grate,  vary  from 
18.0  to  61.5  per  cent.  The  best  efficiencies  were  obtained  when  from 
100  to  150  cubic  feet   of   ['vw  air  per  minute  were   reheated. 

10.  Tests  of  Type  II  Reheater. — In  t lie  Type  II  reheater  the 
compressed  air  flowed  through  a  series  of  casl  iron  coils  set  in  a 
casing  so  that  the  coils  were  12  to  15  inches  above  the  normal  level  of 
the  fire.  No  baffling  was  provided  to  force  the  heated  o-as  over  the 
coils,  and  the  area  of  the  furnace  and  easing  exposed  to  the  outer 
aii-  was  large;  consequently  the  loss  of  heal  by  radiation  was  great. 
The  beating  surface  of  the  coils  was  18.6  square  feet.  The  tests  of 
this  reheater  were  made  in  exactly  the  same  manner  as  has  been 
described  for  the  Type  I  reheater. 
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Analyses   of   the   fuel,   residual   fuel,   ash,   and   refuse   gave   the 

following  results: 

B.t.u. 

(1)  Calorific  value  per   pound   of  air-dry   coke   as   fired,   by 

the  oxygen  calorimeter 12  718 

(2)  Proximate  analysis  of  air-dry  coke: 

Per  Cent 

Fixed  Carbon 87.25 

Volatile   matter             2.24 

Ash         0.50 

Moisture 10.01 

L00.00' 

Moisture  on  drying 0.00 

Sulphur  separately  determined 0.66 

(3)  Ultimate  analysis  of  coke: 

Carbon 83.95 

Hydrogen 1.20 

Oxygen 2.68 

Nitrogen 1.00 

Sulphur 0.66 

Ash         10.01 

Moisture  at   105   deg.   C 0.50 

100.00 

(4)  Proximate  analysis  of  residual  fuel: 

Carbon 58.64 

Earthy  matter 41.22 

Moisture 0.14 

100.00 

(5)  Proximate   analysis   of   ash    and    refuse: 

Carbon 18.62 

Earthy  matter 81.38 

Moisture 0.00 


100.00 


Tahles  3  and  4  present  all  the  essential  data  and  results  of  the 
tests  of  this  reheater.  The  efficiencies  obtained  were  low,  due  to 
excessive  loss  of  heat  by  radiation  and  in  the  flue  gases.  With  small 
loads  the  fire  was  necessarily  thin  and  the  excess  air  large;  with 
larger  loads  the  loss  from  excess  air  was  reduced,  although  the  flue 
gas  temperature  was  abnormally  high,  and  the  loss  of  heat  in  the 
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Him  gas  large.  While  the  efficiencies  might  have  been  somewhat 
improved  by  substituting  a  long  flaming  coal  for  coke,  the  general 
design  of  the  reheater  is  not  conducive  to  fuel  economy. 

11.  Tests  of  Typt  III  Reheater.  -This  reheater  is  of  the  internal 
combustion  type  using  gasoline  as  fuel,  hs  capacity  is  about  250 
cubic  feet  of  free  air  per  minute,  heated  to  a  temperature  of  400 
degrees  Fahrenheit.    The  sectional  view  of  the  reheater,  Pig.  6,  shows 


I'm.  (i.     Sectional  \  n:\\   of  [nternal  Combustion    Ueheateh 


the  method  of  opera!  ion.  Cold  air  enters  the  reheater  at  .1  and  the 
reheated  air  leaves  a1  E.  The  incoming  air  enters  the  space  B  and 
its  pressure  is  exerted  on  the  surface  of  the  gasoline,  /,  in  the  base 
of  the  reheater.  ('  is  an  adjustable  spring  loaded  valve  set  to  cause 
a    slight    reduction    nf    pressure    in    the   air.    which    (lows    through    the 
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valve  into  the  space  D  and  oul  a1  E.  A  tube,  -/,  having  an  opening,  K, 
from  the  gasoline  reservoir  leads  to  ;i  needle  valve  and  atomizer  at 
/•'.  adjustable  at  L;  above  the  atomizer  a  combustion  tube  opens  di- 
rectly into  the  space  D.  Since  the  air  pressure  on  the  surface  of 
the  gasoline  is  slightly  above  that  in  space  D  and  tube  H,  gasoline  is 
forced  through  the  atomizing  tube  upon  the  electrical  ignition  coil,  (1. 
The  gasoline  mixture  burns  in  H  and  the  products  of  combustion  pass 
out  with  the  reheated  air. 

In  actual  operation  it  was  found  difficult  to  secure  and  maintain 
the  proper  adjustment  of  the  differential  valve,  C,  and  the  atomizer. 
Considerable  difficulty  with  the  electrical  ignition  device  was  also 
experienced.  Despite  these  difficulties,  however,  this  reheater  was 
used  throughout  the  various  engine  tests  described  in  a  later  section, 
and  in  general  it  proved  satisfactory  and  convenient.  It  is  decided  I y 
easier  to  maintain  constancy  of  reheat  with  this  reheater  than  with 
the  external  combustion  type.  The  slightest  change  in  the  position 
of  the  needle  valve  controlling  the  flow  of  gasoline  affected  at  once 
t lie  temperature  of  the  out-going  air. 

The  tests  of  this  reheater  were  relatively  simple.  The  Venturi 
tube  already  described  was  employed  to  measure  the  air.  Its  ar- 
rangement is  shown   in    Pig.   7.   and  that  of  the  reheater  in   Fig.   8. 


Apparatus  for  Testing  Internal  Combustion  Rehkate 
General  Arrangement  of  Venturi  Tube 
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Fig.  8.     Apparatus  tor  Testing  Internal  Combustion  Beheater; 
General  Arrangement  of  Reheater 


The  numbers  shown  in  these  two  figures  refer  to  the  various  observa- 
tions necessary,  as  follows : 


(1 
(2 
(3 
(4 
(5 
(6 
(7 
(8 
(9 
(10 


Upstream  pressure  on  tube   (every  10  minutes) 
Upstream  temperature  (every  10  minutes) 
Manometer  (every  2  minutes) 

Temperature  of  air  entering  reheat er   (every  10  minutes) 
Pressure  of  air  entering  reiieater  (every  10  minutes) 
Pressure  of  air  leaving  reheater  (every  10  minutes) 
Temperature  of  air  leaving  reheater  (every  5  minutes) 
Gasoline  gage  at  beginning  and  end  of  test 
Room  temperature   (once  for  each  test) 
Barometer  (once  for  each  test) 


With  three  exceptions  the  duration  of  each  test  was  one  hour ; 
two  tests  were  continued  for  l1/^  hours,  and  one — an  overload  lest 
designated  as  370-400-f — was  stopped  after  30  minutes  because  of 
the  excessive  load  on  the  compressor.  The  gasoline  used  in  the  tests 
of  this  reheater  had  a  specific  gravity  of  0.732  and  a  calorific  value 
of  20  309  B.t.u.  per  pound. 

Fig.  9  shows  the  drop  of  pressure  through  the  reheater  at  dif- 
ferent rates  of  air  flow.  During  test  370-400-f,  the  compressor  was 
unable  to  deliver  the  air  at  the  normal  pressure  of  100  pounds  gage ; 
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in  fact  the  average  pressure  was  only  48  pounds  gage.  This  probably 
had  an  effect  on  the  loss  of  pressure  with  an  air  flow  of  370  cubic 
feet  of  free  air  per  minute. 
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Fig.  9.     Drop  op  Pressure  ix  Reheater 


350       400 


Table  5  presents  the  various  observed  quantities  and  the  com- 
puted results.  Item  17,  the  efficiency  of  the  reheater,  shows  that  due 
to  more  perfect  vaporization  and  combustion  of  the  gasoline  the 
efficiency  is  better  for  the  larger  loads  and  higher  temperatures  of 
the  reheated  air.  During  some  of  the  engine  tests  described  in  a 
later  section,  the  temperature  of  the  reheated  air  was  maintained  at 
200  degrees  Fahrenheit,  and  in  some  instances  with  comparatively 
small  rates  of  flow.  Under  these  conditions  the  combustion  was  so 
poor  that  there  was  a  strong  odor  of  unburned  gasoline  in  the  engine 
exhaust.  Since  the  loss  of  heat  by  radiation  could  not  have  been 
large  during  any  of  the  tests,  it  is  evident  that  under  the  most  favor- 
able conditions  maintained  the  loss  from  incomplete  combustion  was 
excessive. 
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IV.     Tests  of  Engine  Using  Air  as  Working  Fluid 

12.  Purposes  of  Tests. — A  series  of  tests,  during  which  air  at 
various  initial  temperatures  was  used  expansively  as  the  working 
fluid  in  a  small  Corliss  engine,  was  made  to  determine  first,  what 
proportion  of  the  heat  applied  in  the  reheating  process  is  utilized 
in  the  development  of  indicated  work  within  the  cylinder,  and  as 
effective  or  "brake"  work  delivered  by  the  engine;  and  second,  the 
efficiencies  of  the  actual  engine  using  reheated  air  in  comparison 
with  those  theoretically  obtainable.  To  secure  the  desired  results 
it  was  necessary  to  establish  the  efficiencies  of  the  engine  under  various 
conditions  of  operation  without  reheat,  and  to  compare  these  results 
with  those  obtained  under  similar  conditions  of  operation  with  the 
air  heated  to  the  several  temperatures,  specified  by  the  range  of  the 
investigation.  Since  the  injection  of  steam  in  the  air  pipe  has  occa- 
sional^ been  employed  as  a  means  of  reheating  the  air  in  order  to 
overcome  operating  difficulties  with  the  motor,  the  experimental 
investigation  was  extended  to  determine  the  effectiveness  of  air-steam 
mixtures  in  comparison  with  steam  and  unreheated  air  used  separately. 

13.  Description  of  Experimental  Plant. — Air  for  the  tests  was 
supplied  by  an  Ingersoll-Sergeant,  two-stage,  cross  compound  com- 
pressor, having  an  approximate  capacity  of  375  cubic  feet  of  free 
air  per  minute  compressed  to  100  pounds  per  square  inch  gage. 
From  the  compressor  the  air  was  delivered  to  a  receiver  having  a 
capacity  of  65  cubic  feet.  From  there  it  passed  through  the  Venturi 
tube  previously  described,  to  a  second  receiver — capacity,  17  cubic 
feet — employed  to  reduce  the  pulsations  of  pressure  in  the  Venturi 
tube,  and  from  thence  through  the  internal  combustion  reheater, 
described  in  Section  11,  to  the  engine.  During  the  tests  using  air 
only  the  exhaust  air  from  the  engine  was  allowed  to  escape  into  the 
laboratory  through  a  short  exhaust  pipe;  during  the  tests  of  air-steam 
mixtures  the  exhaust  pipe  was  connected  to  a  Dean  surface  condenser 
having  a  tube  surface  of  100  square  feet.  Above  the  engine  throttle 
valve  the  air  line  was  provided  with  an  effective  mixing  chamber  and 
water  separator  for  use  when  steam  was  injected  into  the  air. 


Fig.  10.     General  Arrangement  op  Experimental  Plant 
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The  engine  used  in  this  investigation  was  of  the  simple  Corliss 

type  built   by  the  Murray   Iron  Works   of   Burlington,   Iowa.     Its 

principal  dimensions  are  as  follows : 

Inches 

Diameter  of  Cylinder 8.00 

Length  of   Stroke 18.05 

Diameter  of  Piston  Rod      ...          1-87 

Diameter  of  Steam  Pipe 2.50 

Diameter    of    Exhaust    Pipe 3.00 

(  ylinder  clearance  in  per  cent  of  the  total  piston  displacement  is: 

Per  Cent 

For  the  Head  End  of  the  Cylinder 5.48 

For   the    Crank    End    of    the    Cylinder 5.63 

A  specially  designed  indicator  reducing  motion  of  great  accuracy 
was  permanently  attached  to  the  engine,  which  was  also  equipped 
with  a  positive  revolution  counter  and  a  Prony  brake  of  excellent 
design  and  unusual  steadiness.  A  pair  of  Tabor  outside  spring- 
indicators  were  used  in  all  tests. 

Wherever  necessary,  pressures  were  determined  by  carefully 
calibrated  standard  test  gages  graduated  in  one  pound  increments. 
Temperatures  were  determined  by  standardized  thermometers,  those 
at  the  throttle  and  in  the  steam  chest  being  secured  by  thermometers 
immersed  through  stuffing  boxes  directly  in  the  stream  of  air.  The 
temperature  of  the  exhaust  was  secured  by  a  pentane  thermometer 
graduated  in  degrees  centigrade,  'and  placed  in  a  mercury  well  in  the 
exhaust  pipe  as  close  to  the  cylinder  as  possible.  These  temperatures 
are  not  an  accurate  measure  of  the  actual  temperatures  in  the  cylinder 
during  the  exhaust  stroke,  since  heat  was  rapidly  absorbed  from  the 
surrounding  atmosphere  by  the  exhaust  air  in  the  pipe.  During  the 
earlier  tests  a  hand  pump  was  employed  for  lubricating  the  cylinder ; 
in  the  later,  a  forced  feed  lubricator  was  attached  to  the  engine.  Fig. 
10  shows  the  general  arrangement  of  the  plant. 

14.  Method  of  Conducting  Test. — To  insure  a  condition  of 
thermal  equilibrium  in  the  piping  and  engine,  the  plant  was  operated 
for  a  period  of  one  and  one-half  to  two  hours  at  the  load  to  be  main- 
tained during  the  test.  The  cylinder  of  the  engine  was  slow  in 
reaching  uniform  temperature  conditions,  particularly  when  the  point 
of  cut-off  was  less  than  one-quarter  of  the  stroke.  When  the  difference 
between  the  temperatures  at  the  throttle  valve  and  in  the  steam  chest 
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became  uearlj  constanl  ii  was  possible  to  begin  the  actual  test.  As 
soon  as  thermal  equilibrium  was  obtained,  the  predetermined  condi- 
tions of  pressure,  air  temperature,  cut-off.  etc.,  to  be  maintained  during 

the  test  were  established  and  the  test  was  stalled.  The  order  in  which 
tests  were  undertaken  was  so  chosen  as  to  require  the  least  possible 
change  in  conditions  between  tests,  for  any  change  involved  the 
lapse  of  considerable  time  between  tests  to  re-establish  thermal  equi- 
librium. The  tests  using  air  were  conl  inued  for  t  hirty  minutes,  during 
which  the  following  measurements  were  secured: 

(1)      Upstream  temperature  of  air   (every  la  minutes) 
Temperature  entering  reheater    (every    la  minutes 

(3)  Temperature  leaving  reheater   (everj    la  minutes 

(4)  Temperature  in  steam  chest    (every   10  minutes) 

(5)  Temperature  of  exhaust   (every  10  minutes) 

(6)  Temperature  «>!'  room   (every  10  minutes1 

(7)  Upstream  pressure    (every  10  minutes) 

(8)  .Manometer    reading   of   Venturi   meter    (every    2    minutes 

(9)  Indicator  diagrams   (every  •">  minutes) 

(10)  Height  of  barometer  (once  for  each  test) 

(11)  Height  n!'  gasoline  in  reservoir  of  reheater  at  beginning  ami  end 

of  test 

The  pressure  and  temperature  of  the  air  at  the  throttle  and  the 
load  on  the  brake  were  adjusted  at  the  beginning  of  the  test  and 
maintained  constanl  during  the  test. 

When  the  reheater  was  not  in  use  the  air  reached  the  engine 
from  the  compressor  at  about  TOO  degrees  Fahrenheit;  therefore, 
this  was  established  as  the  basic  temperature  of  the  unrehe.iled  air. 
It  was  originally  intended  to  cool  the  air  in  the  receiver  to  room 
temperature  by  a  spray  of  water,  but  this  plan  was  abandoned  when 
it  was  found  that  with  air  at  loo  degrees  Fahrenheit,  great  trouble 
was  experienced  through  the  formation  of  ice  in  the  exhaust  ports 
and   pipe. 

15.  Classification  of  Air  Tests.  For  convenience  the  meter, 
indicator,  brake  horse  power,  and  reheater  data  for  all  the  tests  in 
which  air  alone  was  used  are  given  in  Table  <i.  I  )l  the  63  tests  reported 
those  numbered  1  to  lb.  inclusive,  are  tests  in  which  the  expansion  of 
the  air  was  complete  to  atmospheric  pressure:  those  numbered  17  to 
L'L'.  inclusive,  are  the  lirs]    tests  with    variable  cnl  off:    those  numbered 
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i'.'!  to  47.  inclusive,  are  the  firsl  tests  with  incomplete  expansion;  and 
those  numbered  <>o  to  <>■'!.  inclusive,  arc  later  tests  with  variable  cut-off. 
Obviously  this  classification  is  overlapping.  Thus  the  variable  cut-off 
tests  are  also  incomplete  expansion  tests.  The  object  in  view  in  tests 
17  to  _2,  inclusive,  was  the  determination  of  the  effects  of  cut-off  when 
the  temperature  and  pressure  were  maintained  constant  at  400  degrees 
Fahrenheit  and  OH)  pounds  per  square  inch  gage,  respectively. 

Hi.  Gomplett  Expansion  Tests. —  In  these  tests  the  load  was 
adjusted  to  give  a  cut-off  such  that  the  release  was  at  atmospheric 
pressure  and  substantially  at  the  end  of  the  stroke;  in  other  words 
the  "toe"  of  the  indicator  diagram  came  to  a  well  defined  point  and 
was  never  rounded  or  looped.  As  shown  by  the  designation,  these 
tests  were  run  at  four  different  gage  pressures,  including  40,  60,  80, 
and  100  pounds  per  square  inch.  Each  pressure  was  combined  with 
four  different  temperatures,  including  100.  200,  300,  and  40(1  degrees 
Fahrenheit. 

It  was  in  the  complete  expansion  lots  that  freezing  of  the 
exhaust  first  caused  trouble.  To  expand  from  100  pounds  gage  to 
atmospheric  pressure  requires  a  ratio  of  expansion  of  about  5.3.  The 
cut-off  at  this  pressure  is  shown  by  the  indicator  diagrams  to  he  at 
about  1-")  per  cen1  id'  the  stroke,  the  release  pressure  about  1  pound 
above  atmosphere,  and  the  drop  of  pressure  at  cut-off  about  12  per 
cent  of  the  initial  gage  pressure.  Then,  if  subscript  1  denotes  condi- 
tions a!  cut-off  and  subscript  2  those  at  release,  we  have  the  formula: 

l>t  _  (v2)  "      (  100  +  clearance  per  cent 


l>2       /'i  \  cut-off  per' cent  +  clearance  pei  cent 


Taking  atmospheric   pressure  ai    14. 5   pounds,  which   was  about    the 
average  condition  for  the  tests,  we  have: 

/>,       100-12  +  14.5  =  102.5 

p2  =  14.5  +  1  15.5 

102.5  _ 

15.5  '~  V  20.5 

log.  6.61  =  0.S2I 

log.  5.15  "~  0.713  ~       '' 
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which  checks  very  well  with  the  value  of  n  obtained  by  plotting  the 
indicator  diagrams  taken  under  these  conditions  on  logarithmic  cross- 
section  paper.  This  value  of  n  shows  a  considerable  heat  exchange 
between  the  working  medium  and  the  cylinder  walls.  From  the 
formula 

T  /v  \n—  1  0.1." 

we  find  that  for  air  at  100  degrees  at  cut-off  T1=  560  and  T2  =  438, 
that  is,  the  release  temperature  was  -22  degrees  Fahrenheit.  It  is 
probable,  however,  that  at  cut-off  the  temperature  of  the  air  was  at 
least,  20  degrees  below  the  throttle  temperature,  as  the  drop  in  tem- 
perature between  the  throttle  and  steam  chest  is  5  degrees  for  tests 
of  this  kind.  This  would  make  the  temperature  at  release  37  degrees 
below  zero  Fahrenheit.  It  is  not  to  be  inferred  that  the  value  of  it 
found  above  is  constant  under  all  conditions.  With  cut-off  at  25 
per  cent  of  the  stroke,  or  more,  the  average  value  is  about  n  =  1.275. 
In  test  4-100-100-15  the  temperature  registered  by  the  thermometer 
in  the  exhaust  pipe  was  -11  degrees  Fahrenheit.  With  a  later 
cut-off  and  consequently  larger  amount  of  air  this  same  ther- 
mometer registered  10  to  15  degrees  lower  than  this  (see  test  31- 
100-100-25).  It  might  be  expected  that  the  lowest  temperature 
would  be  obtained  with  earliest  cut-off.  This  would  occur  if  the 
value  of  n  remained  constant  under  all  conditions  of  operation,  but 
with  quantities  of  air  as  small  as  those  admitted  when  the  cut-off 
is  at  only  15  per  cenl  of  the  stroke  the  heat  absorbed  during  the 
stroke  has  a  greater  relative  warming  effect.  In  consequence  the 
value  of  n  increases;  conversely,  the  expansion  becomes  more  nearly 
adiabatic  as  the  cut-off  is  made  later. 

Calculating  the  release  temperature  when  n  =  1.275,  the  formula 
becomes : 

V,       / 100  +  5.5 


T2      V    25  +  5.5 

For  T1=  560,  this  gives  T2=398,  or  62  degrees  below  zero  Fahrenheit. 
The  fall  of  temperature  between  throttle  and  steam  chest  is  nol  so 
great  in  this  case  as  with  the  15  per  cent  cut-off.    Wc  may  therefore 
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assume  thai  the  temperature  at  cut-off  is  nearer  the  throttle  tempera- 
ture but  somewhat  below  it.  It  is  safe  to  say  thai  the  temperature 
of  the  air  iu  the  cylinder  just  as  the  valve  is  on  the  point  of  releasing 
is  between  35  and  50  degrees  below  zero  when  the  cut-off  is  at  Erom 
15  to  20  per  cent  of  the  stroke,  and  60  to  TO  degrees  below  zero  when 
the  rut-off  is  at  20  to  25  per  cent  of  the  stroke,  the  temperature  at  the 
throttle  being  in  all  cases  100  degrees  Fahrenheit.  After  reaching 
the  value  1.275  at  25  per  cent  cut-off  n  changes  very  little,  so  that 
the  release  temperature  now  depends  only  on  the  ratio  of  expansion, 
and  as  this  diminishes  with  later  cut-off  the  temperature  in  the  exhaust 
again  rises  as  the  cut-off  becomes  later  than  25  per  cent. 

With  such  temperatures  prevailing  in  the  cylinder  and  exhaust 
pipe,  any  moisture  in  the  air  is  certain  to  cause  operating  difficulties 
in  a  few  minutes.  The  exhaust  ports  and  exhaust  pipe  become  coated 
with  ice,  resulting  in  an  increase  in  the  back  pressure  which  may  in 
time  prevent  operation  of  the  engine.  During  the  tests,  vigorous 
pounding  of  the  exhaust  pipe  was  frequently  necessary  to  clear  it 
of  ice.  This  was  done  as  soon  as  the  indicator  diagrams  gave  evidence, 
through  an  increase  in  the  back  pressure,  of  such  ice  accumulation. 

In  addition  to  the  trouble  from  the  formation  of  ice,  the  low 
temperature  in  the  cylinder  seriously  interfered  with  effective  lubri- 
cation.  The  increased  viscosity  of  the  lubricant  resulting  from  the 
low  temperature  in  the  cylinder  caused  a  large  internal  loss  by 
friction.  This  difficulty  was  particularly  pronounced  when  a  mixture 
of  cylinder  oil  and  graphite  was  used  as  the  cylinder  lubricant.  These 
two  effects  of  the  cold  caused  the  brake  horse  power  and  mechanical 
efficiency  of  the  engine  to  show  considerable  irregularities. 

Various  expedients  were  adopted  to  eliminate  the  lubrication 
difficulties  but  without  complete  success  in  any  instance.  Figure  11 
shows  the  effect  of  variable  lubrication  produced  through  the  in- 
frequent injection  of  oil  into  the  cylinder.  When  oil  was  thus  injected 
it  was  not  iced  that  a  surprisingly  large  addition  of  weight  was 
required  to  keep  the  brake  scales  in  equilibrium  immediately  after 
the  injection.  This  method  of  feeding  oil  was  therefore  immediately 
abandoned.  In  Figure  11  the  heavy  line  is  the  indicator  diagram 
taken  just  before  lubrication;  the  dotted  line  is  that  taken  after 
lubrication.  The  interval  between  the  two  diagrams  was  less  than 
10  minutes.  No  lubricaul  had  been  injected  Uw  more  than  one  hour 
prior  to  taking  the  first  of  these  diagrams. 
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At  times  the  combustion  in  the  reheater  was  extremely  imperfect, 
in  which  case  a  third  factor  affecting  the  mechanical  efficiency  was 
introduced,  one  whose  effect  was  entirely  immeasurable.  When  large 
quantities  of  unburned  carbon  with  possibly  some  free  gasoline  passed 


Fig.  11.     Indicator  Diagrams  Showing  Effect  of 
Cylinder  Lubrication 


into  the  cylinder,  it  is  probable  that  the  cylinder  lubricant  became 
more  viscous  because  of  the  presence  of  the  carbon,  or  its  lubricating 
qualities  may  have  been  partially  destroyed  by  the  presence  of  free 
gasoline.  To  reduce  these  lubrication  difficulties,  the  engine  was 
finally  equipped  with  a  force  feed  lubricator  set  to  feed  9  drops  per 
minute.  With  this  device  cylinder  lubrication  was  improved  although 
it  was  never  entirely  satisfactory. 

The  effect  of  these  disturbing  conditions  can  readily  be  seen  by 
examination  of  Items  6  and  7  in  Table  7,  or  from  the  curves  of 
mechanical  efficiency,  Fig.  12.  The  maximum  and  minimum  mechan- 
ical efficiencies  obtained  under  similar  conditions  are  tabulated  to- 
gether in  Tables  9  and  10. 
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Table  9 

Extreme  Variations  of  Mechanical  Efficiency  with 
Similar  Pressure  and  Temperature  Conditions 

Cut-off  at  25  per  cent  of  stroke 


400  deg. 

300  deg. 

200  deg. 

100  deg. 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

100  lb.  Gage 

91. S 

90.3 

90.6 

89.1 

86.5 

82.9 

85.4 

77.8 

80  lb.  Gage 

89.3              87.2 

89 . 4                86 . 3 

87.8 

79.0 

86.2 

75  5 

60  lb.  Gage 

89.5              78.0 

89.5 

78.4 

86.0                76.0 

74.7 

66.1 

Table  10 

Extreme  Variations  of  Mechanical  Efficiency  with 
Similar  Pressure  and  Temperature  Conditions 

Various  Cut-offs* 


400  deg. 

300  deg. 

200  deg. 

100  deg. 

High              Low 

High 

Low 

High 

Low 

High 

Low 

100  1b.  Gagi 

93  7 
33  5 

90  2 
14.2 

90  6 
24  5 

88.1 
14.8 

86 . 5 
25  2 

82.9 
25.0 

85.4 
25.5 

75.7 
15.8 

80  lb.  Cage 

89  3 
23.8 

s7   2 
25.3 

89    1 
23  8 

85   1 
is  6 

87.8 
25 .  1 

73.7 

17   .-■ 

86  2 
24  2 

72.0 
21.1 
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Table  10  (Continued) 

Extreme  Variations  of  Mechanical  Efficiency  with 
Similar  Pressure  and  Temperature  Conditions 

Various  Cut-offs* 

60  lb.  Gage- 


89 

5 

78 

0 

89 

5 

78 

4 

86 

0 

76 

0 

74 

7 

66 

1 

25 

2 

24 

9 

25 

1 

25 

0 

24 

9 

24 

4 

24 

2 

24 

4 

40  lb.  Gage 


84.8 
34.7 


79.6 
32.7 


67.0 
34.0 


59. 8' 
32.5 


*  The  lower  figures   under   each   pressure   are   the    actual   points   of    cut-off   in   per   cent 
of  the  stroke. 


17.  Variable  Cut-off  Tests.— Tests  17  to  22  and  60  to  63  inclusive 
were  made  for  the  purpose  of  determining  the  air  economy  of  the 
engine  with  different  ratios  of  expansion,  other  conditions  remaining 
constant.  All  these  tests  were  therefore  made  with  the  same  pressure 
and  temperature  conditions  at  the  throttle,  namely  100  pounds  per 
square  inch  gage  pressure  and  400  degrees  Fahrenheit.  The  cut-off 
was  increased  from  test  to  test  by  about  5  per  cent,  starting  with  15 
per  cent  in  the  first  test  of  each  series.  At  the  assigned  initial  pres- 
sure this  is  the  earliest  cut-off  that  could  be  maintained,  since  this 
gives  atmospheric  pressure  at  release  and  any  earlier  cut-off  would 
have  caused  a  loop  of  negative  work  on  the  diagram. 


18.  Incomplete  Expansion  Tests. — Of  the  3  tests  made  on  com- 
pressed air  34  were  incomplete  expansion  tests,  the  cut-off  in  each 
case  being  at  25  per  cent  of  the  stroke.  Since  the  cut-off  was  kept 
constant  during  these  tests  the  lowest  initial  pressure  which  could  be 
maintained  without  the  formation  of  a  loop  of  negative  work  on  the 
indicator  diagram  was  60  pounds  per  square  inch  gage. 

As  shown  by  Table  7,  these  tests  include  three  initial  pressures, 
100,  80,  and  60  pounds  per  square  inch  gage,  each  combined  with 
four  temperatures  at  the  throttle,  400,  300,  200,  and  100  degrees 
Fahrenheit,  respectively.  With  two  exceptions  the  tests  were  run 
under  identical   conditions ;    the   exceptions  being  those  tests  made 
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with  a  pressure  of  LOO  pounds  gage  and  air  temperatures  of  400  degrees 
and  inn  degrees  Fahrenheit.  .Tests  27  to  17  inclusive  were  made 
during  March  and  April,  while  tests  1^  to  63  inclusive  were  made 
during  the  latter  pari  of  May.  'This  repetition  of  lots  under  the 
same  conditions  seemed  desirable  when  ii  was  observed  thai  there 
was  a  perceptible  decrease  in  the  air  consumption  per  indicated  horse 
power  as  the  season  advanced.  The  curves  of  air  rate  per  indicated 
horse  power  per  hour  plotted  against  temperature  for  tests  made 
during  one  month  fell  slightly  below  those  made  during  the  preceding 
month  in  spite  of  every  effort  to  make  all  conditions  the  same.  The 
May  tests  gave  an  air  rate  per  indicated  horse  power'per  hour  of 
from  1  to  V/2  pounds  less  than  those  made  in  March.  Table  8  shows 
these  variations.  With  a  cut-off  earlier  than  25  per  cent  the  variations 
in  air  consumption  were  even  greater  than  those  with  25  per  cent 
cut-off. 

Since  the  engine  employed  in  these  tests  was  new.  the  gradual 
reduction  in  air  consumption  was  largely  brought  about  by  improve- 
ment in  the  condition  of  the  cylinder  and  valves,  resulting  from  wear; 
and  to  a  lesser  extent  by  the  increasing  room  temperature  as  the 
outdoor  temperature  increased.  Thus,  during  the  tests  made  in  May 
the  room  temperature  was  about  20  decrees  higher  than  that  main- 
tained in  Macrh. 

Table  7  presents  certain  observed  and  all  computed  values  for 
the  whole  series  of  air-engine  tests.  While  the  derivation  of  the 
various  items  is  generally  obvious,  it  seems  desirable  to  indicate  the 
source  of  the  data  or  the  method  of  computation  of  each  item  listed. 

Items  1   and  2  are  average  values  of  data  from  tests. 

Hem  '■'<  is  computed  from  the  Yonturi  mete]'  data  given  in  Table 
(i.  using  the  general  method  described  in  the  paper  mentioned  on 
page  20. 

Item  1      Item  3       0.219  (see  Section  8). 

Item  •">  is  computed  from  the  engine  constants,  /.  stroke  in 
feet  and  .1  mean  area  <d'  piston  in  square  inches,  the  average  speed 
in  revolutions  per  minute.  A',  and  the  average  mean  effective  pres 
sure,  /'.  from  the  various  indicator  diagrams,  l>.\    the  formula 

2  PLAN 
Lh-l>-=      33000 
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[tern  6  is  computed  from  the  radius  of  brake-arin  in  feet,  R, 
the  loail  on  the  scales  in  pounds,  IV.  and  the  average  revolutions  per 
minute,  N,  b*y  the  formula 

2  7T  h'  II    N       ' 


B.h.p  = 


33000 


Item     7  =  Item  6  divided  by  Item  5. 

[tern     8  =  Item  3  divided  by  Item  5. 

Item     9  =  item  4  divided  by  Item  5. 

Item  10  =  Item  3  divided  by  Item  G. 

Item  11  =  Item  4  divided  by  Item  6. 

Item  12  is  obtained  from  the  indicator  diagrams. 

Items  13,  14,  15.  and  16  are  average  data  from  the  tests. 

Item  17  =  Item  3  multiplied  by  the  difference  between  Items  2 
and  1  and  by  the  specific  heat  of  air  at  constant  pressure  (0.24).  the 
values  recorded  being-  the  nearest  tens. 

Item  18  is  selected  from  the  curves  representing  the  air  con- 
sumption per  indicated  horse  power  for  various  throttle  temperatures, 
Pigs.  13  and  14,  since  these  values  arc  possibly  somewhat  more  con- 
sistent than  the  results  of  the  individual  test  at  100  degrees  tem- 
perature at  the  throttle;   wherefore  these  values  d t  agree  exactly 

with  the  items  given  under  Item  8. 

Item  19=  Item  3  divided  by  Item  18. 

Item  20  =  hem  5  minus  Item  19. 

Item  21  =  Item  17  divided  b}r  Item  20. 

Item  22  =  the  heat  equivalent  of  one  horse  power  per  hour 
(2546  B.t.u.)  divided  by  Item  21. 

14.7 


Item  23  =  1 


Item  1  +  14.7 


No  attempt  has  been  made  to  determine  the  ideal  efficiency  of 
the  tests  based  upon  incomplete  expansion  of  the  air.  For  some  of 
the  tests  the  value  of  Item  23  is  therefore  somewhat  high.* 

Item  24  =  Item  22  divided  by  Item  23.  For  the  reason  slated 
under  Item  23,  the  value  of  Item  24  is  in  some  cases  slightly  smaller 
than  would  have  been  the  case  had  the  ideal  efficiency  for  incomplete 
expansion  been  computed. 

Sei     Section    5,    Case    II,    for    complete    adiabatic    expansion,     which     represent 
maximum  attainable  thermal  efficiency. 
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Item  2f>  is  obtained  from  the  curves  representing  the  air  con- 
sumption per  brake  horse  power  per  hour  for  the  various  throttle 
temperatures.  These  values  were  selected  for  the  reason  stated  under 
[te  n  18. 

Item  26  =  Itein  :!  divided  by  Item  25. 

Item  27  =  Item  6  minus  Item  26. 

Item  28-=  Item  17  divided  by  Item  27. 

Item  29  =  Item  20  multiplied  by  1000  and  divided  by  Item  17. 

[tern  30  =  Item  27  multiplied  by  1000  and  divided  by  Item  17. 

Item  31  =  1000  divided  by  the  product  of  13  000  and  0.6  and 
item  2!). 

Item  :',2  1000  divided  by  the  product  of  13  000  and  0.6  and 
Item  30. 

Item  33  =  1000  divided  by  the  product  of  20  000  and  0.8  and 
Item  29. 

Item  34  =  1000  divided  by  the  product  of  20  000  and  0.8  and 
Item  30. 

The  steam  chest  temperatures,  Item  13,  show  a  surprising  drop 
between  the  temperature  at  the  throttle  and  the  point  in  the  steam- 
chest  where  these  temperatures  were  taken.  The  amount  of  drop 
decreases  rapidly  with  the  lowering  of  the  throttle  temperature.  As 
the  steam  chest  thermometer  was  placed  in  a  thermometer  well,  it 
is  probable  that  in  the  first  twenty-one  tests  these  differences  are 
too  great.  This  well  was  later  removed  and  replaced  by  a  stuffing- 
box  through  which  the  thermometer  was  passed,  thus  giving  the 
temperature  by  direct  contact  between  the  bulb  and  the  heated  air 
as  it  passed  to  the  steam  ports  of  the  engine.  The  drop  of  tempera- 
ture is  greater  the  earlier  the  cut-off,  and  decreases  with  later  cut-off. 
For  cut-off  at  25  per  cent  of  the  stroke  a  difference  of  40  to  50 
degrees  may  be  expected  between  throttle  and  steam  chest  temperatures 
when  the  throttle  conditions  are  100  pounds  gage  pressure  ami  UK) 
degrees  Fahrenheit.  Exhaust  temperatures,  Item  14,  are  particularly 
unsatisfactory.  The  thermometer  could  not  be  placed  near  enough 
to  the  exhaust  port  of  the  engine  to  give  the  reading  there  and  the 
temperature  in  the  exhaust  pipe  was  affected  both  by  the  room  tem- 
perature and  the  exhaust  pipes  of  other  engines. 

The  heat  required  to  raise  the  weighl  of  air  used  in  a  particular 
test  from  ion  degrees  Fahrenheil  to  the  temperature  maintained  at 
the  throttle,  Item  17,  does  not    include  the  loss  of  heat  from  the  air 
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pipe  between  the  reheater  and  the  throttle.  Due  to  its  low  specific 
heat  and  heat  content,  the  drop  in  temperature  of  air  flowing  in  a 
pipe  is  large.  If  the  reheater  is  located  I  feet  from  the  throttle  valve, 
the  temperature,  tr,  required  at  the  reheater  to  maintain  a  temperature, 
tf,  at  the  throttle  may  be  computed  by  the  following  equation  : 

loge{tr-0  =  ^^lc+logAU-t0) 

in  which 

t0  =  temperature  of  the  freezing  point,  32  degrees  Fahrenheit; 

d  =  diameter  of  pipe  in  inches ; 

I  =  length  of  pipe  in  feet ; 

m  =  weight  of  air  flowing  per  hour ; 

cp  =  specific  heat  of  air  at  constant  pressure,  (0.24)  ; 

k  =  coefficient  of  heat  loss  in  B.t.u.per  square  foot  of  surface  per 
degree  difference  between  the  air  inside  the  pipe  and 
that   outside;     approximately   3    for   uncovered   pipe 
and  0.6  for  covered  pipe. 
The  solution  of  a  specific  problem    by  means  of  the  foregoing  equa- 
tion will  show  the  great  importance  of  locating  the  reheater  as  near 
the  engine  as  possible,  and  of  carefully  insulating  the  connecting  pipe 
and  fittings. 

The  air-rates  per  indicated  horse  power  per  hour  for  various 
throttle  temperatures  are  shown  in  Figs.  13  and  14.  The  former 
includes  the  data  from  tests  1  to  16  inclusive  and  22  to  47  inclusive; 
the  latter,  tests  48  to  59  inclusive,  made  after  the  engine  was  well 
"worn  in"  and  with  a  room  temperature  20  degrees  higher  than  in 
the  earlier  tests.  The  air  rate  in  pounds  per  indicated  horse  power 
per  hour  for  various  throttle  temperatures  and  gage  pressures  is 
shown  in  Fig.  15.  The  air  rates  per  brake  horse  power  per  hour 
for  various  throttle  temperatures  are  shown  in  Fig.  16.  Some  of 
these  data  are  shown  in  an  even  more  interesting  manner  in  Fig.  12 
in  which  the  various  pressure  curves  are  drawn  with  mechanical  effi- 
ciencies as  ordinates  and  throttle  temperatures  as  abscissas. 

It  was  expected  that  there  would  be  some  improvement  in  the 
mechanical  efficiency  with  increasing  air  temperatures,  but  the  extent 
of  this  improvement  was  such  as  to  astonish  everyone  concerned  with 
the  tests.    With  a  throttle  temperature  of  400  degrees  Fahrenheit  and 
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Fig.  13.     Are  Consumption  per  [ndicated  Horse  Power  per  Hour 
for  Various  Thhottle  Temperati  ri  s 


a  pressure  of  loo  pounds  gage,  mechanical  efficiencies  of  89.2  to  93.7 
per  cent  were  obtained;  and  with  a  throttle  temperal  ure  of  100  degrees 
Fahrenheil  and  the  same  pressure,  the  mechanical  efficiencies  varied 
from  7."). 7  to  85.4  per  cent.  The  lowest  recorded  mechanical  efficiency 
is  thai  '»f  test  in.  its  value  being  only  59.8  per  cent.  It  should  be 
noted  thai  in  nearly  every  test  the  gain  in  brake  horse  power  through 
reheating  is  greater  than  the  gain  in  indicated  horse  power.  Tables 
!»  and  lo  present  the  high  and  low  mechanical  efficiencies  obtained 
under  various  conditions  of  operation. 
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Items  31  and  32  (Table  7)  present  the  computed  weights  of  fuel 
consumed  per  hour  for  each  indicated  and  brake  horse  power  gained 
by  reheating.  Because  of  conditions  discussed  in  the  preceding  para- 
graph, the  weight  of  fuel  per  brake  horse  power  per  hour  is  less  than 
that  required  per  indicated  horse  power.  While  the  weight  of  fuel 
required  per  brake  horse  power  per  hour  fluctuated  considerably  for 
different  tests,  it  should  be  noted  that  in  several  tests  values  of  less 
than  one  pound  of  fuel  were  obtained.  Few  devices  for  converting 
heat  into  work  can  show  equally  satisfactory  results. 


100  200  300  _    400 

Temperature  of  Tforoff/e  /r?  Degrees  /T 

Fig.  14.     Air  Consumption  per  Indicated  Horse  Power  per  Hour 
for  Various  Throttle  Temperatures 


66 


ILLINOIS    I   \LI\I   I   Iv'IM,     LXI'LIM  Ml  A  T    STATION 


53 
56 
54 

^44 
^42 

K3& 


^ 


'34 
32 
30 


\ 
\ 

\ 

V 

\ 

\ 

\ 

N 

\ 

* 

<^ 

°yC~ 

\ 

v 

\ 

\ 
\ 

V^S- 

■\ 

\ 

\ 

. 

\ 

v. 

^^^ 

^o- 

N 

\ 

V 

^C 

^C 

^ 

^o 

40  60  30  /JO 

Pressure  /r>  Pounds  per  so'.  //?,  (g,&o,&) 

Fig.  15.     An;  Consumption  per  Endicated  Horse  Power  per  EIour 
for  Various  Throttle  Temperatures   and  Gage   Pressures 


TT1E    REHEATING    OF    COMPRESSED    AIR 


117 


80 

^50 
\ 

%30 


I 

^5 

^ 

>SVSC 

3 

-^ 

^c 

<^ 

^5- 

J 00  200  300  400 

Temperature  a/  Tr>roff/e  //?  Degrees  F. 
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V.     Tests  of  Engine  Using  Mixtures  of  Air  and  Steam 
as  the  Working  Fluid 

19.  Purposes  of  Tests. — The  primary  purpose  of  this  series  of 
tests  of  air-steam  mixtures  was  the  determination  of  the  efficiency 
resulting  from  the  use  of  steam  as  a  medium  for  reheating  compressed 
air;  the  secondary  purpose  was  the  devising  of  methods  of  testing 
which  mighl  be  applicable  in  a  more  complete  study  of  the  subject, 
to  be  undertaken  after  the  present  general  investigation. 

20.  Mi  thud  of  Conducting  Tests. — While  the  plant  described  in 
Section  IV  was  employed  in  these  tests,  with  the  condenser  in  service, 
the  use  of  steam  necessitated  several  changes  iii  the  methods  of  testing 
from  those  employed  with  air.  The  air  from  the  compressor  was 
delivered  to  the  mixing  chamber  immediately  above  'he  throttle 
valve  at  a  temperature  which  was  maintained  as  nearly  as  possible  at 
100  degrees  Fahrenheit;  at  this  point  steam  was  injected  into  the 
air  until  the  required  conditions  of  pressure  and  ratio  of  air  to 
steam  were  obtained.  To  secure  these  conditions  the  running  of  from 
one  to  three  preliminary  tests  was  necessary.  Before  making  these 
trial  tests,  an  estimate  was  made  to  determine  the  approximate  weight 
of  air  and  steam  required  for  a  given  mixture  with  the  engine  cut-off 
at  25  per  cent  of  the  stroke.  The  valve  in  the  air  line  was  regulated 
until  the  Venturi  meter  showed  the  corred  flow  of  air,  when  steam 
was  admitted  in  sufficient  quantity  to  give  the  required  pressure  at 
the  throttle.  The  plant  was  operated  with  these  valve  adjustments 
until  the  condenser  was  discharging  steadily  and  other  conditions 
were  constant.  When  the  weight  of  condensate  showed  the  desired 
ratio  of  air  and  steam  the  test  was  started  and  continued  for  one  hour. 

In  this  test  series  much  less  time  was  required  for  securing 
thermal  equilibrium  in  the  cylinder  and  steam  chest  than  in  the  air 
tests.  The  thermometers  at  the  throttle,  in  the  steam  chest,  and  in 
the  exhaust  pipe  quickly  reached  definite  constant  temperatures  which 
were  maintained  as  Long  as  conditions  were  kept  uniform.  Thus. 
despite  the  fact  that  considerable  time  was  required  for  the  adjust- 
ment of  the  mixture,  the  preparatory  run  was  generally  no  longer 
than  when  air  alone  was  used. 
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The  pressure  at  the  throttle  and  the  load  on  the  brake  were  kept 
constant  by  frequent  adjustment  throughout  the  test.  The  following 
observations  were  taken  as  indicated  : 

(1)  Temperature  at  throttle   (every  10  minutes) 

(2)  Temperature  in  steam  chest  (every  10  minutes) 

(3)  Kevolutions  per  minute  (every  10  minutes) 

(4)  Pressure  in  mixing  chamber   (every  10  minutes) 

(5)  Temperature  in  mixing  chamber  (every  10  minutes) 

(6)  Temperature   of   air  before   entering   mixing   chamber    (every 

10   minutes) 

(7)  Temperatures     in     throttling     steam     calorimeter     (every     i0 

minutes) 

(8)  Venturi  manometer  '(every  2  minutes) 

(9)  Pressure   of    air   before   entering  mixing   chamber    (every   10 

minutes) 

(10)  Temperature  in  exhaust  pipe   (every  10  minutes) 

(11)  Temperature  of  condensate   (every  10  minutes) 

(12)  Eoom  temperature   (taken  twice  per  test) 

(13)  Barometrir  pressure  (taken  once  per  test) 

(14)  Weight   of  condensate  from  condenser 

(15)  Weight  ni;  condensate  from  mixing  chamber 

The  total  steam  admitted  is  determined  in  three  parts:  first,  that 
which  i.s  condensed  in  the  mixing  chamber  and  there  separated  from 
the  remaining  mixture:  second,  that  which  is  condensed  in  the 
condenser;  and  third,  that  which  is  contained  in  the  air  saturated 
with  water  vapor  leaving-  the  condenser  at  atmospheric  pressure  and 
the  temperature  maintained  in  the  condenser.  With  an  ample 
Supply  of  cold  condensing  water  and  a  consequent  low  exhaust  tem- 
perature, the '  actual  weight  of  moisture  in  the  exhaust  from  the 
eondenser  is  small.  For  great  precision  in  measuring  the  steam 
supplied,  the  weight  of  vapor  in  the  air  entering  the  mixing  chamber 
should  be  subtracted  from  the  total  weight  of  steam  determined  as 
described  above.  Because  of  difficulty  in  determining  the  exact  condi- 
tion of  the  compressed  air  in  the  air  main,  and  the  fact  that  the  error 
in  weight  of  steam  should  be  small  even  though  the  air  was  initially 
saturated,  the  air  for  the  sake  of  simplicity  was  assumed  to  be  dry. 
With  the  air  supply  at  75  pounds  per  square  inch  absolute  and  100 
degrees  Fahrenheit,  the  error  due  to  this  assumption  is  approximately 
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2  per  fi'ni  o!'  the  weighl  of  vapor  in  the  exhaust  air  at  200  degrees 
Fahrenheit  and  a  small  fraction  of  one  per  cenl  of  the  total  weight  of 

steam  used  in  l  lie  process. 

21.  Discussion  of  Observed  and  Calculated  Data.  The  beat 
contenl  per  pound  of  strain  added  was  determined  from  the  calori- 
meter data  Items  7  and  8,  Table  11,  and  recorded  as  Item  10;  this 
multiplied  by  the  total  condensate,  [tern  15,  of  the  same  table,  which 
is  the  sum  of  the  condensate  from  the  condenser,  the  condensate  from 
the  separator,  and  the  moisture  carried  away  in  the  air,  gives  the 
total  heat  energy  in  the  steam  added.  While  it  may  seem  that  Item 
4  of  Table  12,  which  gives  the  total  steam  in  terms  of  equivalent  dry 
steam  at  the  throttle  pressure,  should  be  obtained  by  dividing  the  total 
heat  energy  in  the  steam  by  the  heat  content  of  dry  steam  at  throttle 
pressure,  this  is  not  the  case.  Although  in  all  of  these  computations 
the  air  was  supposed  to  be  delivered  to  the  mixer  at  loo  degrees 
Fahrenheit,  Item  6,  Table  11,  shows  that  this  was  not  actually  true. 
A  correction  was  therefore  accessary.  If  the  air  entered  the  mixer 
below  100  degrees  Fahrenheit  more  steam  was  actually  used  than  if 
it  had  entered  at  the  standard  temperature;  hence  the  heat  required 
to  raise  the  air  used  in  the  test  from  the  temperature  entering  the 
mixer  to  100  degrees  Fahrenheit  was  subtracted  from  the  total  heat 
of  the  steam  used.  Similarly  when  the  air  entered  the  mixer  at  a 
temperature  above  100  degrees  Fahrenheit  less  steam  was  actually 
used  than  when  the  air  temperature  was  100  degrees;  hence  the 
correction  was  added.  The  total  heat  thus  corrected  and  divided  by 
the  heat  content  of  i\r\  steam  a1  throttle  pressure  gives  Item  4  of 
Table  12.  By  means  of  this  correction  it  is  possible  in  subsequent 
calculations  to  disregard  the  actual  temperature  of  the  air  entering 
the  mixer.  From  the  previous  air  tests,  air-rates  per  indicated  horse 
power  and  brake  horse  power  are  known. 

The  manometer  readings.  Item  I.  Table  11.  are  very  small  when 
the  per  eent  of  steam  in  the  mixture  is  large.  When  the  air  con- 
sumption was  small  the  mercury  in  the  manometer  was  replaced  by 
water  which  clearly  showed  small  differences  of  pressure.  In  the 
table  these  pressures  were  converted  from  the  observed  heights  of 
the  column  of  water  to  heights  id'  a  column  of  mercury.  From  [tem 
0  of  Table  12  it  is  seen  that  after  all  corrections  were  made  the  ratio 
of  the  steam   used  to  the  total   mixture  often   deviated   considerably 
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from  the  predetermined  ratio  as  shown  by  the  last  number  of  the  test 
designation.  This  deviation,  however,  caused  no  difficulty.  Items 
7  and  8  show  that  the  temperature  difference  between  the  throttle  and 
the  steam  chest  is  small  compared  with  that  found  when  air  alone  is 
used.  Even  a  small  quantity  of  steam,  10  to  15  per  cent  of  the  mix- 
ture, will  make  this  difference  4  degrees  Fahrenheit  or  less;  in  the 
air  tests  at  high  temperatures  this  difference  was  often  more  than 
40  degrees. 

Item  6,  the  per  cent  of  steam  in  the  mixture,  plotted  against  Item 
7,  the  temperature  at  the  throttle,  for  each  total  pressure  gives  the 
curves  shown  in  Fig.  17.  These  curves  suggest  a  method  for  regulating 
the  proportions  of  the  mixture  without  weighing  the  condensate. 
With  a  given  cut-off  and  brake  load,  and  for  a  specified  total  pressure, 
the  valves  in  the  air  and  steam  lines  can  be  adjusted  to  give  the 
temperature  at  the  throttle  which  results  from  the  desired  mixture. 

In  these  air-steam  tests  the  exhaust  temperature,  Item  9,  is 
reliable  and  probably  in  no  case  is  it  more  than  1  or  2  degrees  in 
error.  In  all  these  tests  it  was  considerably  above  the  temperature 
of  the  atmosphere  and  surrounding  objects ;  when  steam  alone  was 
used,  exhausting  at  atmospheric  pressure,  the  thermometer  read  212 
degrees  Fahrenheit.  These  exhaust  temperatures  show  that  the  steam 
contained  in  an  air-steam  mixture  is  used  more  efficiently  than  it 
would  be  in  a  non-condensing  steam  plant ;  and,  in  the  case  of  mix- 
tures having  small  percentages  of  sieam,  it  is  used  with  efficiencies 
comparable  to  those  obtained  with  condensing  engines.  In  test  A-S- 
100-10  the  exhaust  temperature  was  128  degrees  Fahrenheit,  which  is 
the  temperature  that  woidd  result  in  a  condensing  plant  maintaining 
a  25  inch  vacuum.  The  exhaust  temperature  may  be  regarded  as  a 
measure  of  the  condenser  effect  produced  from  the  use  of  mixtures 
of  air  and  steam,  resulting  from  the  fact  that  the  total  exhaust 
pressure  is  the  sum  of  the  partial  pressures  of  the  steam  and  air. 

When  even  a  small  quantity  of  steam  was  admitted  to  the  cylinder 
with  the  air  the  difficulties  with  lubrication  and  the  excessive  internal 
friction  wTere  overcome,  as  shown  by  the  indicated  and  brake  horse 
[lower,  Items  10  and  11.  The  difference  between  these  items  gives  a 
friction  horse  power  of  about  1.5  for  100  pounds,  1.4  for  80  pounds, 
and  1.2  for  60  pounds.  In  the  air  tests  with  serial  numbers  22-31  and 
48-51,  in  which  the  air  was  400  degrees  at  the  throttle,  about  the  same 
indicated  horse  power  was  developed  as  in  the  air-steam  tests  at  100 
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pounds  gage.  In  the  air  tests,  however,  the  friction  horse  power 
was  1.7,  showing  that  even  with  400  degrees  at  the  throttle  the  internal 
friction  was  not  quite  reduced  to  its  minimum  value,  which,  when 
the  engine  was  developing  21  indicated  horse  power  with  100  pounds 

pressure  at  the  throttle,  may  he  taken  as  1.5  horse  power. 

Item  12  shows  that  when  the  load  is  nearly  constant  the  me- 
chanical efficiency  does  tiol  vary  with  the  per  cent  of  steam  in  the 
mixture.  When  the  initial  pressure  is  decreased  and  the  cut-off 
kept  constant  there  is  a  slight  decrease  in  the  efficiency  due  to 
decrease  of  the  load,  as  follows: 


Pressure  at 
Trottle  (gage) 
100 

Average  Lh.p. 
21.98 

Av 

erage  Mechanical 
Efficiency 
93.1 

so 

17.23 

92.2 

60 

12.19 

90.7 

The  air,  steam,  and  mixture  rate  per  indicated  horse  power  given 
in  Ttems  14,  15,  and  16  are  plotted  to  per  cent  of  mixture  in  Figures 
18,  19,  20.  In  each  figure,  curve  (2)  represents  the  air  weight,  curve 
(3)  the  steam  weight,  and  curve  (1)  the  weight  of  the  mixture. 
Curve  (1)  is  therefore  t lie  summation  curve  of  curves  (2)  and  ('3). 
Figure  21  is  the  curve  (1)  of  Figures  18,  19,  and  20  drawn  to  a 
larger  scale.  It  is  unnecessary  to  plot  the  corresponding  curves  for 
hrake  horse  power  since  the  air  and  steam  consumption  per  brake 
horse  power  per  hour  may  be  obtained  from  these  curves  by  dividing 
particular  values  for  a  given  pressure  by  the  average  mechanical 
efficiency  for  thai  pressure  as  shown  above. 

22.  Economic  Results.  The  presentation  of  the  economic  effects 
resulting  from  mixing  air  and  steam  begins  with  Item  23,  which 
gives  the  total  heat  above  the  exhaust  temperature  of  the  equivalent 
steam  supplied  during  the  test.  This  is  the  total  heat  chargeable 
to  the  engine,  since  the  condensed  exhausl  steam  is  assumed  to  be  used 
as  boiler  feed  water.  In  Item  25  the  indicated  horse  power  per  hour 
obtainable  from  the  air  in  the  mixture  if  used  alone  at  100  degrees 
Fahrenheit  is  found  by  dividing  Item  3  by  Hem  24,  which  is  t  he  air-rate 
per  indicated  horse  power  a1  the  given  throttle  pressure  and  100  de 
grees  Fahrenheit  determined  from  air  tests.  Subtracting  Item  25  from 
Item   10  gives   the    indicated   horse    power   which    may   be   assumed   to 
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I"'  chargeable  to  the  steam  in  the  mixture,  [terns  27  and  28  give  thp 
rust  of  the  added  horse  power  in  terras  of  British  thermal  units  and 
pounds  of  dry  steam.  These  two  items  increase  steadily  as  the  per 
cent  of  steam  is  increased.  With  1">  per  cenl  of  steam  in  the  mixture 
i lie  number  of  British  thermal  units  required  per  indicated  horse 
power  per  hour  added  is  slightly  more  than  one-half  the  number 
required  per  indicated  horse  power  per  hour  when  steam  alone  is 
used.  Again,  comparing  the  tests  with  15  per  cent  steam  with  air 
tests  at  the  same  pressure,  it  is  seen  that  the  number  of  British  thermal 
units  required  per  indicated  horse  power  per  hour  added  in  the  case 
of  air-steam  mixtures  is  aboul  twice  as  great  as  the  number  required 
per  indicated  horse  power  per  hour  gained  by  reheating  air  alone. 
Figure  22  shows  the  characteristics  here  discussed. 
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Item  l'!»  shows  the  best  obtainable  steam  consumption  in  pounds 
per  indicated  horse  power  per  hour,  with  cut-off  at  1T>  per  cent  of 
the  stroke  and  an  initial  pressure  equal  to  the  total  initial  pressure  of 
the   mixture   in   a    particular  test,  as  determined   in  a  series  of  tests 
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using  steam   alone.      II'  the  engine   had    been   operated   al    full   load 

under  th uditions  specified   in   Item  29  until  the  weighl   of  steam 

given  in  item  -1  was  used,  the  number  of  indicated  horse  power  hours 
shown  in  Item  30  would  have  been  obtained.  By  a  similar  process 
the  number  of  indicated  horse  power  hours  which  could  have  been 
secured  with  the  actual  weight  of  air  used  in  a  particular  test  is 
given  in  Item  25.  Therefore  the  sum  of  Items  25  and  30,  Item  31, 
represents  the  power  which  could  have  been  realized  in  the  engine 
tested  if  the  air  and  steam  in  the  mixture  had  been  used  separately. 
The  actual  power  secured  from  the  mixture  of  air  and  steam  in  a 
particular  test  is  shown  under  Item  10.  Hence  the  difference  between 
Items  10  and  31,  Item  32,  is  the  gain  in  power,  in  indicated  horse 
power  hours,  which  results  when  the  engine  is  operated  with  the 
given  mixture  of  the  air  and  steam.  Through  this  method  of  reasoning- 
it  is  evident  that  the  mixture  of  the  air  and  steam  affords  a  thermo- 
dynamic advantage  over  the  use  of  the  separate  ingredients  amounting 
to  as  much  as  20.2  per  cent,  based  on  indicated  horse  power.  (Test 
A-S-100-30),  or  39.6  per  cent  based  on  brake  horse  power.  (Tes1 
A-S-60-10). 

By  a  similar  process  of  calculation  the  economic  results  of  the 
tests,  based  on  brake  horse  power,  are  calculated  and  presented  in 
Table  12  under  Items  34  to  13  inclusive. 

The  astonishing  results  of  these  tests  of  air-steam  mixtures  must 
nut  he  construed  as  an  argument  for  the  use  of  such  a  medium  in 
the  generation  of  power.  If  the  air  is  compressed  by  a  steam  driven 
compressor  the  total  steam  consumption  per  horse  power  produced 
by  an  engine  using  a  mixture  of  air  and  steam  would  probably  be 
greater  than  through  the  use  of  steam  alone,  when  the  steam  used 
in  the  compressor  is  included.  When,  however,  a  supply  of  compressed 
air  is  available  and  is  used  for  generating  power,  and  steam  is  also 
available,  the  mixture  of  the  two  affords  a  distinct  advantage  over 
l  lie  use  of  air  alone  or  of  steam  alone  if  the  cost  of  compressing  the 
air  is  disregarded. 
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VI.     General  Summary  and  Conclusions 

23.  Beheaters  and  Reheating. — 

(a)  Commercial  types  of  small  external  combustion  re- 
heaters  will  under  favorable  conditions  and  when  operated  al 
their  best  capacity  supply  60  per  cent  of  the  heat  in  the  fuel  to 

the   compressed    air. 

(b)  The  efficiency  is  dependent  upon  the  design  of  the 
heating  surface  and  its  relation  to  the  furnace  or  fire-pot.  The 
maximum  efficiency  in  improperly  designed  apparatus  may  be 
very  low.  Heating  surface  in  direct  contact  with  the  fire-pot  is 
three  times  as  effective  as  such  surface  not  in  direct  contact  with 
the  fire  or  very  close  to  it. 

(c)  Internal  combustion  reheaters  may  attain  efficiencies 
of  80  per  cent  or  more  when  operating  at  their  best  capacity  with 
reheated  air  temperatures  of  approximately  400  degrees  Fahren- 
heit. 

(d)  The  efficiencies  of  all  types  of  reheaters  decrease  rap- 
idly when  the  reheater  is  operated  at  low  capacities.  The  size  of 
the  reheater  should  therefore  be  carefully  selected  with  reference 
to  the  average  capacity  demanded  by  the  service. 

(e)  The  results  of  this  investigation  indicate  that  a  chimney 
draft  of  from  0.15  to  0.25  inches  of  water  is  essential  for  the 
best  results. 

(f)  One  thousand  pounds  of  air  per  hour  or  219  cubic  feet 
of  free  air  per  minute  can  be  heated  through  a  range  of  100 
degrees  Fahrenheit  with  3*4  to  3y2  pounds  of  fuel  whose  calorific 
value  is  13  000  British  thermal  units  per  pound. 

(g)  To  avoid  excessive  losses  of  heat  the  reheater  must  be 
installed  as  close  as  possible  to  the  motor  it  serves. 

24.  Expansivi    Usi   of  h'<h<<it<<l  Air. — 

(a)  With  the  particular  engine  employed  in  this  investiga- 
tion operating  with  a  cut-off  ;0  one-quarter  stroke  the  air  con- 
sumption per  indicated  horse  power  per  hour  decreases  as  follows, 
as  the  air  temperature  rises  from  100  degrees  to  400  degrees 
Fahrenheit : 
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With  an  initial  gage  pressure  of  100  pounds  per  square 
inch  the  air  consumption  varies  from  approximately  45 
pounds  to  33  pounds,  or  from  10  cubic  feet  to  7.3  cubic  feet 
of  free  air  per  minute. 

With  an  initial  gage  pressure  of  80  pounds  per  square 
inch  the  air  consumption  varies  from  approximately  48 
pounds  to  35.23  pounds  or  10.5  cubic  feet  to  7.73  cubic  feet 
of  free  air  per  minute. 

With  an  initial  gage  pressure  of  60  pounds  per  square 
inch  the  air  consumption  varies  from  approximately  51.1 
pounds  to  38.3  pounds,  or  11.1  to  8.45  cubic  feel  of  free 
air  per  minute. 

(b)  Similarly  the  air,  consumption  per  brake  horse  power 
per  hour  with  other  conditions  as  given  above  varies  as  follows: 

at  100  pounds  gage  pressure,  from  58.3  pounds  to  36.2 
pounds  per  hour,  or  from  12.77  cubic  feet  to  7.93  cubic  feet 
of  free  air  per  minute ; 

at  80  pounds  gage  pressure,  from  63.35  pounds  to  39.45 
pounds  per  hour,  or  from  13.9  cubic  feet  to  8.65  cubic  feet 
of  free  air  per  minute; 

at  60  pounds  gage  pressure,  from  76.43  pounds  to  45.84 
pounds  per  hour,  or  16.7  cubic  feet  to  10  cubic  feet  of  free 
air  per  minute. 

(c)  Air  at  400  degrees  Fahrenheit  will  yield  the  same  brake 
power  with  two-thirds  the  compressor  capacity  and  steam  con- 
sumption required  when  the  air  is  used  a1  100  degrees  Fahrenheit. 

(d)  When  air  is  reheated  from  100  degrees  to  400  degrees 
Fahrenheit  an  indicated  horse  power  per  hour  is  gained  by  the 
expenditure  of  approximately  8700  to  9300  British  thermal  units. 
or  1.15  pounds  of  fuel,  whose  heating  value  is  13  000  British 
thermal  units,  burned  in  the  reheater  with  60  per  cent  efficiency. 
The  heat  required  for  the  first  100  degree  rise  in  temperature  is 
particularly  effective.  In  this  range  an  indicated  horse  power 
was  gained  by  the  addition  of  about  7700  British  thermal  units 
or  less  than  one  pound  of  fuel. 

(e)  Reheating  the  air  from  100  degrees  to  400  degrees 
Fahrenheit  permits  the  gain  of  a  brake  horse  power  per  hour  with 
an  expenditure  of  heat  as  low  as  8500  British  thermal  units.  In 
Test  3-100-200-15  a  brake  horse  power  was  gained  with  an  ex- 
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penditure  of  only  70:5")  British  thermal  units  or  about  0.9  pounds 
of  fuel.  Test  44-60-200-25  shows  an  even  more  astonishing  result 
for  a  rise  of  temperature  of  100  degrees  only. 

(f)  For  the  initial  pressures  employed  in  these  tests  the 
highest  efficiencies  were  obtained  when  the  cut-off  was  at  about 
one-quarter  of  the  stroke.  Complete  expansion  does  not  show 
equally  good  results. 

(g)  The  use  of  reheated  air  leads  to  an  improvement  in 
lubrication,  an  astonishing  increase  in  mechanical  efficiency,  and 
the  prevention  of  ice  formation  in  motors  using  air  expansively. 
In  practice  the  chief  reason  for  the  use  of  reheaters  is  the  pre- 
vention of  interference  with  the  operation  of  the  motor  through 
the  accumulation  of  ice  in  the  exhaust  pipe. 

25.     Use  of  Steam  for  Reheating  Air. — 

(a)  Steam  is  a  convenient  medium  for  reheating  air,  and 
a  mixture  of  air  and  steam  containing  as  little  as  10  per  cent  of 
steam  will  entirely  prevent  the  operating  difficulties  experienced 
when  cold  air  is  used  in  expansion  motors  through  defective 
lubrication  and  the  formation  of  ice  in  the  exhaust  pipe. 

(b)  A  greater  amount  of  work  is  obtained  through  the  use 
of  a  mixture  of  air  and  steam  than  could  be  realized  by  the  separate 
use  of  the  same  weights  of  each  of  the  two  substances.  When  the 
steam  constitutes  15  to  20  per  cent  of  the  mixture  there  is  a  gain 
of  from  16  to  20  per  cent  in  the  indicated  horse  power,  and  of 
from  25  to  35  per  cent  in  the  brake  horse  power  of  the  engine. 
An  increase  in  the  weight  of  steam  in  the  mixture  reduces  the 
gain. 

(c)  A  much  greater  expenditure  of  heat  is  required  per 
horse  power  gained  when  steam  is  used  than  is  necessary  with 
other  methods  of  reheating. 
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A   STUDY   OP  AIR-STEAM  MIXTURES 

I.      Introduction 

1.     Purpose    of   Investigation. — This    investigation    of   air-steam 

mixtures  is  the  outgrowth  of  an  investigation  of  the  reheating  of 
compressed  air  by  C.  R.  Richards,  Director  of  the  Engineering  Ex- 
periment Station  and  Dean  of  the  College  of.  Engineering,  and  J.  N. 
Vedder.  Research  Assistant  in  Mechanical  Engineering,  the  results  of 
which  have  been  presented  in  Engineering  Experiment  Station  Bul- 
letin X".  130.  In  this  earlier  investigation  the  employment  of  steam 
as  a  reheating  agent  was  found  to  result  in  an  increased  thermal 
efficiency  for  the  mixture  of  air  and  steam,  as  compared  with  the  use  of 
either  air  or  steam  separately,  in  an  engine  operating  expansively. 
These  results  were  such  as  to  justify  a  furl  her  study  of  air-steam 
mixtures. 

It  is  the  purpose  of  this  bulletin  to  treal  the  subject  of  air-steam 
mixtures  in  considerable  detail  both  by  means  of  a  theoretical  <lis- 
cussion  and  by  reporting  actual  tests  made  with  different  proportions 
of  air  and  steam  at  different  initial  air  temperatures  and  under 
various  load  conditions.  To  facilitate  the  practical  application  of 
the  results  secured,  the  thermal  properties  of  various  mixtures  are 
presented  in  the  form  of  Mollier  charts.  These  charts  will  greatly 
simplify  the  solution  of  problems  connected  with  the  subject. 

'2.  Acknowledgments. — This  investigation  was  conducted  by 
Leroy  A.  Wilson,*  Research  Associate  in  Mechanical  Engineering, 
under  the  general  direction  of  Dean  ( '.  R.  Richards.  It  Avas  due  to 
Wilson's  painstaking  efforts  that  the  investigation  was  brought  to  a 
successful  conclusion.  Valuable  assistance  in  the  experimental  work- 
was  rendered  by  L.  C.  Lichty.  and  W.  P.  Lukens,  Research  Pellows 
in  the  Engineering  Experiment  Station;  and  in  the  preparation  of 
the   Mollier   diagrams   for   air-steam    mixtures    by    John    A.    Dknt.I 


*  Now    Professor    of    Mechanical    Engineering    ;it    the    Oklahoma    Agricultural    and    Me 
chanical    College,    Stillwater. 

t  Now    Associate    Professor    of    Mechanical    Engineering    at    the    University    of    Kansas, 
Law  renci  . 
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Associate  in  Mechanical  Engineering.  The  section  oil  the  thermo- 
dynamics of  air-steam  mixtures  has  been  carefully  revised  by  G.  A. 
Goodexough,  Professor  of  Thermodynamics,  and  it  is.  I  ire,  an 

authoritative  discussion   of  the  subject. 
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II.     Tests  with  Steam,  Air,  and  Air  Steam.  Mixtures 

3.  Purpose  of  Tests. — The  purpose  in  operating  a  reciprocating 
engine  with  a  working  medium  composed  of  a  mixture  of  air  and 
steam  was  to  determine  the  possible  advantages  in  thermal  efficiency 
resulting  from  the  use  of  such  mixtures,  having  different  proportions 
of  the  two  components  and  with  different  initial  temperatures  of 
ih«'  compressed  air.  As  a  basis  for  the  comparison  of  results  it  was 
necessary  to  determine  the  engine  economy  when  using  steam  alone 
and  aii1  alone  at  various  initial  temperatures. 

-1.  Tests  with  Steam. — The  tests  with  steam  were  made  to  de- 
termine the  steam  consumption  at  different  loads.  A  gage  pressure 
of  100  pounds  per  square  inch  was  used.  The  quality  of  the  steam 
was  determined  by  means  of  a  throttling  calorimeter  located  just  above 
the  throttle  valve.  All  observations  and  indicator  diagrams  were 
taken  every  .">  minutes  during  30-minute  tests.  The  following  data 
were  recorded : 

(1)  Net  brake  load  in  pounds, 

i-  devolutions  per  minute,  by  the  revolution  counter. 

(3)  Pressure  at  throttle  (kept  constant)   in  pounds  per  square  inch. 

i  Temperature   at   throttle    in    degrees   Fahrenheit. 

5  Temperature  in  steam  chest    in    degrees  Fahrenheit . 

(6)  Temperature   of    engine    room    in    degrees    Fahrenheit. 

7  '  Temperature  in  exhaust   pipe  in  degrees  Fahrenheit  . 

si  Pressure   in   exhaust    pipe    in    pounds   per   square   inch. 

(9)  Temperature  in   calorimeter   in   degrees   Fahrenheit, 

(10)  Temperature  of  condensed  steam  in  degrees  Fahrenheit  . 

(11)  Weight   of   condensed    steam    in    pounds. 

(12)  Barometer   height    in    inches   of   mercury. 

The  results  of  the  steam  tests  are  given  in  Table  1  and  are 
represented  graphically  by  the  curves  in  Fig.  1.  For  convenience  of 
reference  the  tests  are  designated  in  the  tables  by  the  letter  S,  followed 
by  the  gage  pressure  at  the  throttle.  The  lowest  steam  consumption 
per  indicated  horse  power  per  hour  attained  in  this  series  of  tests 
was  28.9  pounds;  in  similar  tests  run  by  J.  N.  Vedder  and  reported 
in  Bulletin  No.  130  the  lowest  consumption  was  27.1  pounds. 
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Fig.  1.     Steam  Consumption  per  Horse  Power  per  Hour,  Using  Steam  Alone 


5.  Tests  with  Air. — The  tests  with  air  were  made  to  determine 
the  air  consumption  at  different  loads  for  different  initial  air  tem- 
peratures. The  water  vapor  in  the  air  froze  in  all  tests  made  with 
air  which  had  a  temperature  of  300  degrees  Fahrenheit  or  less.  In 
every  test  in  which  the  exhaust  temperature  was  below  32  degrees 
Fahrenheit  the  exhaust  valve  clogged  with  ice.  "When  the  back  pres- 
sure caused  by  the  stoppage  became  appreciable  the  test  was  termi- 
nated. 

All  tests  were  started  with  the  engine  comparatively  warm,  and 
only  data  and  indicator  diagrams  secured  during  the  last  thirty 
minutes  of  a  test  were  used.  This  practice  was  adopted  to  obtain 
data  representative  of  normal  running  conditions.  It  was  found, 
however,  that  owing  to  increasing  friction  in  the  engine  caused  by 
the  formation  of  ice  and  from  less  effective  lubrication,  the  mechanical 
efficiency  decreased  as  the  test  progressed.  It  was  impossible  to  get 
satisfactory  equilibrium  conditions  with  air  alone  except  by  heating 
the  air  to  an  initial  temperature  sufficient  to  prevent  the  exhaust 
temperature  falling  below  32  degrees  Fahrenheit,  By  taking  indicator 
diagrams  and  Venturi  meter  data  simultaneously  at  stated  intervals, 
under  the  conditions  named,   and   computing  the   air  consumption 
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per  indicated  horse  power  per  hour,  this  was  found  to  remain  prac- 
tically constant  throughout  the  test.  The  air  consumption  per  brake 
horse  power  per  hour  varied  for  the  reasons  already  stated ;  therefore, 
for  these  tests  it  has  been  averaged  for  the  30-minute  period. 

An  unsuccessful  attempt  was  made  to  overcome  lubrication  diffi- 
culties by  using  alcohol  and  graphite-.  A  mixture  of  gas-engine  oil 
and  graphite  seemed  to  give  the  best  lubrication  results.  Were  it 
practicable  to  free  the  air  from  moisture  before  admitting  it  to  a 
reciprocating  engine,  there  would  probably  be  little  mechanical  diffi- 
culty in  using  it  expansively,  but  with  such  large  quantities  of  air 
as  were  used  in  these  tests,  no  convenient  nor  simple  means  for  drying 
the  air  could  be  devised. 

The  tests  with  air  were  made  at  several  loads  with  an  initial 
gage  pressure  of  100  pounds  per  square  inch  at  the  throttle,  and 
with  initial  temperatures  of  approximately  100,  200,  300,  and  400 
degrees  Fahrenheit,  respectively,  at  the  entrance  to  the  mixing  cham- 
ber. When  air  was  used  the  engine  would  not  carry  over-loads  satis- 
factorily, probably  because  of  the  small  size  of  the  supply  pipe  and 
the  consequent  drop  in  pressure  accompanying  a  late  cut-off.  The 
conditions  of  operation  were  such  as  to  prevent  the  formation  of  a 
loop  at  the  toe  of  the  indicator  diagram ;  hence  complete  expansion  to 
back  pressure  determined  the  limit  of  earliest  cut-off. 

The  condenser  was  disconnected  during  the  air  tests,  the  air  being 
exhausted  directly  into  the  room.  A  pentane  thermometer  reading  in 
degrees  centigrade  was  placed  in  a  mercury  well  as  near  the  cylinder 
as  possible  to  indicate  the  exhaust  temperature.  Owing  to  the  prox- 
imity of  steam  pipes  and  the  heat  of  the  surrounding  atmosphere 
the  lower  temperatures  recorded  are  probably  incorrect.  It  should 
also  be  noted  that  there  was  a  tendency  for  snow  and  ice  to  accumulate 
in  the  exhaust  pipe  around  the  thermometer  cup,  but  by  pounding 
occasionally  on  the  outside  of  the  pipe  these  obstructions  were 
dislodged. 

The  air  pressure  was  set  at  100  pounds  per  square  inch  gage 
and  kept  constant  by  regulating  the  pressure  of  the  steam  operating 
the  compressor.  A  preliminary  run  of  two  or  three  hours  duration 
was  necessary  to  heat  the  pipes  and  enable  adjustments  of  apparatus, 
particularly  of  the  reheater,  to  be  made;  during  the  run  sufficient 
steam  was  allowed  to  mix  with  the  air  to  prevent  freezing.  Between 
runs  it  was  necessary  to  pass  steam  through  the  engine  to  thaw  the 
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ice  before  making  adjustments  for  the  succeeding  run.  Before  a 
test  was  started  the  steam  was  shut  off  by  closing  the  steam  valve 
tightly  with  a  wrench,  in  order  to  eliminate  the  possibility  of  leakage 
since  the  introduction  of  a  very  small  quantity  of  steam  would  lead 
to  erroneous  results. 

Readings  were  secured  every  5  minutes,  the  Venturi  meter  data 
and  indicator  cards  being  taken  as  nearly  simultaneously  as  possible. 
The  readings  were  as  follows : 

(1)  Net  brake  load  in  pounds. 

(2)  Eevolutions  per  minute   (by  the  revolution  counter)  . 

(3)  Pressure  at  throttle  (kept  constant)   in  pounds  per  square  inch. 

(4)  Temperature  at  throttle  in  degrees  Fahrenheit. 

(5)  Temperature   in   steam   chest   in   degrees   Fahrenheit. 

(6)  Temperature  of  engine  room  in  degrees  Fahrenheit. 

(7)  Temperature   in   exhaust   pipe   in    degrees    centigrade    (converted 

to  Fahrenheit   on  data  sheet)  . 

(8)  Pressure  in  exhaust  pipe  in  pounds  per  square  inch. 

(9)  Temperature  of  air  entering  Venturi  meter  in  degrees  Fahrenheit. 

(10)  Pressure  of  air  entering  Venturi  meter  in  pounds  per  square  inch. 

(11)  Venturi  head,  by  manometer,  in  inches  of  mercury. 

(12)  Temperature  of  air  entering  heater  in  degrees  Fahrenheit. 

(13)  Temperature  of  air  entering  mixing  chamber  in  degrees  Fahrenheit. 

(14)  Barometer  height  in  inches  of  mercury. 

The  results  of  the  air  tests  are  tabulated  in  Table  2,  in  which 
they  are  designated  by  the  letter  A,  followed  by  the  temperature  at 
the  throttle  and  the  gage  pressure  at  the  throttle ;  and  are  shown 
graphically  by  the  curves  in  Figs.  2,  3,  and  4.  It  will  be  noted  that 
some  of  the  points  do  not  fall  upon  the  curves  selected,  for  which 
fact  the  following  explanation  is  offered.  Variations  in  the  initial 
air  temperature  existed,  since  it  was  impossible  always  to  keep  this 
temperature  constant.  For  some  tests  the  average  temperature  fell 
above  or  below  the  desired  value,  in  which  cases  the  curve  was  made 
to  pass  at  the  proper  distance  from  the  point  recorded.  Three  such 
points  appear  on  the  curve  which  records  temperature  of  100  degrees 
Fahrenheit.  The  points  for  air  at  200  degrees  are  somewhat  scattered, 
hence  the  curve  was  drawn  to  make  it  consistent  with  the  three  other 
curves. 

The  curves  show  that  with  compressed  air  the  greatest  economy 
was  secured  at  approximately  22  indicated  horse  power,  which  is 
somewhat  lower  than  that  for  the  greatest  economy  with  steam  as 
the  working  medium. 
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Different  Initial  Temperatures,  Using  Air  Alone 


6.  Tests  with  Air-Steam  Mixtures. — After  the  usual  preliminary 
period  of  adjustment  of  apparatus  each  test  with  mixtures  of  air  and 
steam  was  continued  for  one  hour.  A  pressure  of  slightly  more  than 
100  pounds  gage  was  maintained  in  the  steam  main,  the  amount  of 
steam  to  the  engine  being  controlled  by  an  auxiliary  valve  located 
near  the  mixing  chamber.  The  amount  of  air  was  regulated  by  throt- 
tling the  air  compressor.  It  was  found  that  the  proportion  of  the 
mixture  could  be  judged  and  regulated  fairly  accurately  from  ob- 
servations of  the  temperature  just  below  the  mixing  chamber.  The 
actual  temperature  of  the  mixture  at  that  point  proved  to  be  prac- 
tically identical  with  the  theoretical  temperature,  where  the  initial 
temperatures  of  the  air  were  100  and  200  degrees,  as  given  in  Table 
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Table  3 

Theoretical  Temperature  of  Air-Steam  Mixtures  for  Different  Initial 
Air  Temperatures  and  Different  Percentages   of  Air  and  Steam 


Per  Cent 
Stearn 

Weight  Steam 
in  Mixture 
Ma 
lb. 

Initial  Air  Temperatures 

in 
Mixture 

100°  1".             200°  F. 

300°  F. 

400°  F. 

5.0 

0.05263 

ta 

it 

im 
tm 

16.46  B.t.u.        40.66  B.t.u. 
62.66     "              62.66     " 
79.12     "            103.32     " 
173.0°  F.              208.5°  F. 

64.86  B.t.u. 

62.66     " 
127.52     " 
299 . 5°  F. 

S9. 06  B.t.u. 

02 . 66  " 
151.72  " 
390.0°  F. 

10.0 

0.111111 

la 

im 
tm 

16.46  B.t.u.        40.66  B.t.u. 
132.29     "            132.29     " 
148.75     "         !  172.95     " 
209.8°  F.             219.2°  F. 

64.86  B.t.u. 
132.29     " 
197.15     " 
299.5°  F. 

89.06  B.t.u. 
132.29     " 
221.35     " 
381.3°  F. 

20.0 

0.25 

'o 
Is 
tm 

tm 

16.46  B.t.u.        40.66  B.t.u. 
297.65     "            297.65     " 
314.11     "            338.31     " 
248.9°  F.             253.3°  F. 

64.86  B.t.u. 
297.65     " 
362.51     ". 
301.0°  F. 

89.06  B.t  u. 
297.65     " 
386.71     " 
367 . 5°  F. 

30.0 

0.428571 

ia 
is 
im 
tm 

16.46  B.t.u. 
510.26     " 
526.72     " 
272.6°  F. 

40.66  B.t.u. 
510.26     " 
550.92  " 
275.3°  F. 

64.86  B.t.u. 

510.26     " 
575.12     " 
304.5°  F. 

89.06  B.t.u. 
510.26     " 
599.32  '• 
357.2°  F. 

40.0 

0.666667 

la 
it 
im 
tm 

16.46  B.t.u. 
793.75     " 
810.20     " 
288.5°  F. 

40.66  B.t.u. 
793  75     " 
834.40     " 
290.0°  F. 

64.86  B.t.u. 
793.75     " 
858.60  " 
308. 1°F. 

89.06  B.t.u 
793.75     " 
882.80  " 
350.0°  F. 

50.0 

1.0 

la 
It 
im 
tm 

16.46  B.t.u. 
1190.62     " 
1207.10     " 
301.4°  F 

40.66  B.t.u. 
1190.62 
1231.30     " 

302 . 5°  F. 

64.86  B.t.u. 
1190.62     " 
1255.50     " 
312.7°  F. 

89.06  B.t.u. 
1190.62     " 
1279.70     " 
344.3°  F. 

60.0 

1.5 

ia 
it 
im 
'm 

16.46  B.t.u. 
1785.93     " 
1802.40     " 
311.1°  F. 

40.66  B.t.u. 
1785.93     " 
1826.60     " 
311.5°  F. 

64.86  B.t.u. 
1785.93     " 
1850.80     " 
318.0°  F 

89.06  B.t.u. 
1785.93     " 
1875.00     " 
341.2°  F. 

80.0 

4.0 

la 
'm 

16.46  B.t.u. 
4761.28     " 
4777.70     " 
329.4°  F. 

40.66  B.t.u. 
4761.28     " 
4801.90     " 
329.6°  F. 

64.86  B.t.u. 
4761.28     " 
4826.10     " 
329.7°  F. 

89.06  B.t.u. 
4761.28     " 
4850.30     " 
338.4°  F. 

Pressure  of  Mixture  =114  .5  lb.  abs.  t,  =337.75° 

ia=0.242«o— 32°)  »,"=»'M,  =  1190.623/,        .Va  =  ilb. 
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Fig.  5.     Temperature  of  Air-Steam  Mixtures  for  Different  Initial 
Air  Temperatures  and  Different  Percentages  of  Air  and  Steam 


3  and  Fig.  5.  For  higher  initial  air  temperatures,  however,  the  actual 
temperature  of  the  mixture  fell  slightly  below  the  theoretical,  prob- 
ably because  of  increased  radiation  losses  at  these  higher  temperatures. 
Indicator  diagrams  and  the  following  data  were  secured  every 
5  minutes,  the  brake  load  and  throttle  pressure  being  kept  constant : 


(l 
(2 
(3 
(4 
(5 
(6 
(7 

(8 

(9 

(10 

(11 
(12 
(13 
(14 


Revolutions  per  minute   (by  revolution  counter)  . 
Temperature  at  throttle  in  degrees  Fahrenheit. 
Temperature  in  steam  chest  in  degrees  Fahrenheit. 
Temperature  of  engine  room  in   degrees  Fahrenheit. 
Temperature  in  exhaust  pipe  in  degrees  Fahrenheit. 
Temperature  in  calorimeter  in  degrees  Fahrenheit. 
Pressure  of  steam  entering  calorimeter  in  pounds  per  square  inch 

(steam  main  pressure)  . 
Temperature  of  air  entering  Venturi  meter  in  degrees  Fahrenheit. 
Pressure  of  air  entering  Venturi  meter  in  pounds  per  square  inch . 
Venturi  head,  by  manometer,  in  inches  of  mercury. 
Temperature  of  air  entering  heater  in  degrees  Fahrenheit. 
Temperature  of  air  entering  mixing  chamber  in  degrees  Fahrenheit . 
Temperature  of  condensed  steam  in  degrees  Fahrenheit. 
Barometer  height  in  inches  of  mercury  (once  during  test). 
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The  weight  of  condensed  steam  was  taken  at  the  end  of  each  run. 
It  consisted  of  the  water  coming  from  the  condenser,  together  with 
that  carried  by  the  saturated  air  exhausting  from  the  condenser  and 
that  separated  by  condensation  in  t lie  mixing  chamber,  resulting  from 
heating  the  air  in  the  tests  in  which  air  at  a  temperature  below  that 
of  the  steam  was  used.  The  first  and  the  last  of  these  quantities  were 
obtained  by  weighing ;  whereas  the  amount  of  water  carried  off  by 
the  air  was  computed  from  its  temperature  and  pressure. 

The  high-pressure  air  was  comparatively  cool  at  the  point  of 
entrance  to  the  heater.  It  was  undoubtedly  saturated  with  water 
vapor.  The  temperature  of  the  air  being  known,  the  partial  pressure 
of  the  vapor  may  be  determined  from  the  steam  tables.  Subtracting 
this  from  the  total  pressure  of  the  mixture  secures  the  partial  pres- 
sure of  the  air.  The  volume  of  the  air  may  then  be  computed  by 
applying  Boyle's  Law,  and  in  accordance  with  Dalton's  Law  the 
vapor  must  occupy  the  same  volume.  The  specific  volume  of  the 
vapor,  obtained  from  the  steam  tables,  divided  into  the  total  volume 
gives  the  weight  of  moisture  per  pound  of  air.  A  similar  process 
will  determine  the  amount  of  moisture  in  the  exhaust  air.  the  tem- 
perature of  which  was  that  of  the  condensate  and  the  pressure  that 
of  the  atmosphere: 

The  data  and  results  of  the  air  and  steam  mixture  tests  are  given 
in  Table  4,  in  which  they  are  designated  by  the  letters  AS,  followed  by 
the  temperature  at  the  throttle,  the  gage  pressure  at  the  throttle,  and 
a  letter  added  for  the  sake  of  distinction;  and  are  presented  graph- 
ically bj-  the  various  curves  of  Figs.  6,  7,  8,  and  9. 

7.  Discussion-  of  Results. — The  curves  illustrating  the  results 
of  the  air  and  steam  mixture  tests  are  in  accordance  with  the  stated 
observations  of  other  experimenters  regarding  the  gain  in  economy  by 
the  use  of  air  and  steam  together.  The  curves  show  that  the  maximum 
economy  occurs  with  mixtures  containing  about  30  per  cent  of  steam.* 
The  maximum  gain  is  more  pronounced  when  cold  air,  rather  than 
air  previously  heated,  is  used.  This  gain  becomes  still  greater  as  the 
load  decreases.  See  Pigs.  10  and  11.  The  gain  at  the  maximum  load 
carried  with  air  at  an  initial  temperature  of  410  degrees  Fahrenheit 
is  5  per  cent,  while  the  gain  at  approximately  the  same  load  with 


*  See  pages  :i  1  :j:j. 
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Percentage  Gain  in  Indicated  Horse  Power  for  Different 
Percentages  of  Steam  in  Mixture;    Initial  Air 
Temperature  203  deg.  F. 
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Percentage  Gain  in  Indicated  Horse  Power  for  Different 
Percentages  of  Steam  in  Mixture;    Initial  Air 
Temperature  306  deg.   F. 
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Percentage  Gain  in  Indicated  Horse  Power  for  Different 
Percentages  of  Steam  in  Mixture;    Initial  Air 
Temperature  410   deg.   F. 


cold  air  at  a  temperature  of  100  degrees  Fahrenheit  is  about  15  per 
cent.  At  three-quarters  of  the  maximum  load  and  with  air  supplied 
at  a  temperature  of  100  degrees  Fahrenheit  the  gain  is  about  24 
per  cent.  Tests  at  less  than  three-quarters  of  the  maximum  load  car- 
ried were  impractical  because  the  pressures  after  expansion  were 
below  the  back  pressures  on  the  engine,  as  indicated  by  a  loop  in  the 
toe  of  the  indicator  diagram. 

The  results  of  Reynolds'  experiments*  furnish  a  partial  explana- 
tion of  this  phenomenal  gain  from  using  a  mixture  of  air  and  steam 
expansively.  In  steam  engine  operation,  initial  cylinder  condensation 
is  chiefly  responsible  for  the  great  difference  between  the  actual  and 
the  theoretical  steam  consumption.  Any  method  which  reduces  the 
loss  from  such  condensation  will  therefore  improve  the  efficiency  of 
operation.  Since  the  total  pressure  of  a  mixture  of  air  and  steam  is 
the  sum  of  the  partial  pressures  of  the  two  constituents,  the  steam  may 
be  in  a  superheated  condition  in  such  a  mixture.  When  such  a  con- 
dition exists,  the  initial  cylinder  condensation  is  reduced,  with  a 
consequent  increase  in  efficiency.  A  further  explanation  of  the  im- 
provement in  efficiency  may  be  found  in  Rankine's  statement  t  that 
the  air  has  a  tendency  to  increase  the  working  temperature  limits  of 
the  steam,  independently  of  the  addition  of  heat.  It  may  be  noted, 
furthermore,  that  the  presence  of  air  reduces  the  effectiveness  of  the 


*  See  page   81. 
t  See   page    80. 
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interchange  of  heat  between  the  working  tinid  and  the  metal  walls 
of  the  cylinder,  thus  causing  a  reduction  in  the  heat  loss. 

The  increased  gain  with  cold  air  is  due  in  part  to  the  preheating 
effect  produced  by  the  steam  and  to  the  resulting  improvement  in 
mechanical  efficiency.  The  injection  of  a  very  small  percentage  of 
steam  into  the  compressed  air  is  sufficient  to  prevent  the  exhaust  tem- 
peratures falling  below  the  freezing  point,  as  is  shown  by  the  data  in 
Table  4. 
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III.     Thermodynamics;    Thermal  Properties 
of  Air-Steam  Mixtures 

8.  Notation. — In  general,  the  symbols  used  in  this  bulletin  are 
identical  with  those  used  by  G.  A.  Goodenough  in  his  book  "Principles 
of  Thermodynamics." 

In  case  a  magnitude  is  dependent  upon  the  weight  of  the  sub- 
stance, the  small  letter  denotes  the  magnitude  referred  to  unit  weight, 
the  capital  letter  the  same  magnitude  referred  to  M  units  of  weight; 
thus  q  denotes  the  heat  absorbed  by  one  pound  of  a  substance, 
Q  =  M  q,  the  heat  absorbed  by  M  pounds. 

A  subscript  makes  any  magnitude  symbolical  of  that  particular 
constituent  of  a  composite  substance  that  the  subscript  represents ; 
thus,  a  represents  air,  s  steam,  and  w  water.  Lack  of  any  subscript 
generally  indicates  that  the  system  as  a  whole  is  under  consideration. 
M  denotes,  for  example,  the  weight  of  a  mixture  composed  of  Ma 
pounds  of  air,  H8  pounds  of  dry  steam,  and  Mw  pounds  of  water  as 
moisture. 

Subscripts  1  and  2  in  connection  with  any  magnitude  under- 
going a  thermodynamic  change  refer  to  the  initial  and  the  final  condi- 
tions, respectively;  thus  Z7a  denotes  the  energy  of  a  system  at  the 
start,  U2  that  at  the  finish,  and  U2  -  U1  is  the  change  of  energy 
involved. 

In  dealing  with  wet  steam,  the  thermodynamic  properties  of 
the  liquid  and  of  the  vapor  are  distinguished  by  affixing  a  prime  to 
designate  the  liquid  state  and  a  double  prime  for  the  saturated  vapor 
state;  thus,  q'  represents  the  heat  of  the  liquid  and  q"  that  of 
saturated  vapor. 

A  =  reciprocal  of  Joule 's  equivalent. 

B  =  constant  in  the  gas  equation  pv  =  BT. 

op  =  specific  heat  of  air  at  constant  pressure. 

cc  =  specific  heat  of  air  at  constant  volume. 

i,  I  =  heat  content  at  constant  pressure. 

J  =  Joule's  equivalent. 

M  =  weight  of  system  under  consideration. 

p  =  partial  pressure  of  substance. 

P  -  total  pressure  of  system. 

q,  Q  —  heat  absorbed  from  external  sources. 
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r  =  latent  heat  of  vaporization, 
p  =  internal  latent  heat, 
s,  &  =  entropy. 

t  —  temperature  on  the  Fahrenheit  scale. 
T  =  absolute  temperature. 
u,  U  =  intrinsic  energy. 
v,  V  =  volume. 

W  =  external    work. 
x  =  quality  of  steam. 

Other  symbols  used  are  incidental  constants,  the  values  of  which 
are  given  with  the  equations  in  which  the  constants  appear. 

9.  Properties  of  a  Mixture  of  Air  and  Strain. — The  properties 
of  a  mixture  of  two  or  more  gases  have  been  carefully  studied  and 
are  well  known.  For  comprehensive  discussions  of  gas  mixture,  ref- 
erence may  be  made  to  Planck's  Treatise  on  Thermodynamics,  Chap. 
IV,  and  to  Partington's  Text  Book  of  Thermodynamics,  Chap.  X. 
The  principal  laws  that  apply  to  ideal  gas  mixtures  are  the  following: 

(1)  Each  gas  occupies  the  whole  volume,  V,  of  the  mixture. 

(2)  The  total  pressure,  P,  of  the  mixture  is  the  sum  of  the 
partial  pressures  plf  p2,  etc.  of  the  individual  gases  (Daltoirs  law). 

(3)  The  intrinsic  energy,  V,  of  the  mixture  is  the  sum  of 
the  intrinsic  energies  U^  U2,  etc.  of  the  individual  constituents. 

(4)  The  heat  content,  I,  of  the  mixture  is  the  sum  of  the 
heat  contents  I±,  I2,  etc.  of  the  constituents. 

(5)  Tlie  entropy,  8,  of  the  mixture  is  the  sum  of  the  en- 
tropies Slt  S2,  etc.  of  the  individual  gases. 

Saturated  or  moderately  superheated  steam  is  by  no  means  a 
perfect  gas;  consequently  laws  2  and  4  are  not  strictly  exact  for  a 
mixture  of  steam  and  air.  The  deviation,  however,  is  small,  and  for 
all  practical  purposes  such  a  mixture  may  be  treated  as  a  mixture  of 
ideal  gases. 

10.  Conditions  o]  Mixing. — The  first  fundamental  problem  that 
must  be  attacked  in  the  investigation  of  air-steam  mixtures  is  the 
following.  Let  M„  pounds  of  air  at  a  temperature  Ta  and  pressure  Pn 
be  mixed  with  M,  pounds  of  steam  at  pressure  Ps,  having  a  quality  xs, 
or  if  superheated,  a  temperature  Ts.  Required,  the  temperature  and 
total  pressure  of  the  resulting  mixture,  and  the  partial  pressure  pa 
and  ps,  of  the  air  and  steam,  respectively. 
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The  solution  of  this  problem  depends  upon  the  conditions  under 
which  the  mixing  occurs.     Two  cases  will  be  considered: 

(a)     The  air  initially  occupies  the  volume  Va,  Fig.  12,  the  st«am 


va 

Vs 

v* 

Ms 

Pa 

Ps 

Ta 

*s 

Fig.  12.     Method  of  Forming  Air-Steam  Mixtures;    Case  A 


the  volume  Vs.  The  partition  is  removed  and  the  steam  and  air  are 
allowed  to  mix.  It  is  assumed  that  the  process  is  adiabatic,  that  is, 
no  heat  enters  or  leaves  through  the  walls. 

The  air  expands  from  the  volume  Va  to  the  whole  volume 
y=Va-\-Vs  and  the  pressure  drops  from  Pa  to  pa ;  likewise,  the 
steam  expands  from  volume  Vs  to  volume  V,  and  the  pressure  drops 
from  Ps  to  ps.  The  sum  pa  -J-  Ps  gives  the  final  pressure  P  of  the 
mixture. 

From  the  characteristic  equation  of  gases  the  volume  Va  is  given 
by  the  equation 

v.=*^    ' (1) 

The  volume  V8  is  given  by  the  expression 

V.  =  M.[x.(v  -v',)+v',] (2) 

or  with  sufficient  accuracy  by  the  simpler  relation 

V.=M.x,vl       (3) 

In  these  equations  v"8  and  v'»  denote  respectively  the  specific  volumes 
of  steam  and  water  corresponding  to  the  pressure  Ps.  The  total 
volume  V  is  given  therefore  by  the  equation 

y==MaBTa  +  M^xv„ (4) 
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This  volume  V  is  occupied  by  the  air  at  the  partial  pressure  pa  and  at 
the  final  temperature  T  of  the  mixture ;  hence  the  relation 

paV  =  Ma  B  T (5) 

The  volume  V  is  also  occupied  by  the  steam  at  the  partial  pressure  ps. 
If  the  final  quality  of  the  steam  is  denoted  by  x, 

V=Msxv" (6) 

in  which  v"  denotes  the  volume  of  1  pound  of  saturated  steam  at 
the  pressure  ps ;  if  the  steam  in  the  mixture  is  superheated  the  rela- 
tion becomes 

F  =  i¥8  v (7) 

in  which  v  denotes  the  volume  of  1  pound  of  superheated  steam  at 
the  pressure  ps  and  the  final  temperature  T. 

Since  the  process  is  adiabatic  and  no  external  work  is  done  there 
is  no  change  of  energy  during  the  process.  The  initial  energy  of  the 
air  is 

Ua=Ma    C,    Ta    +    Uoa (8) 

and  that  of  the  steam  is 

Us  =  Ms  (u's  +  xs  ps)  +  Uos (9) 

The  unknown  constants  Uoa  and  U0s  may  be  disregarded  since  they 
appear  in  each  member  of  the  final  equation  and  cancel.  The  energy 
of  the  mixture  is  therefore 

U  =  Ma  C,  Ta   +  M8   (U's   +  Xs  Ps)  ....       (10) 

In  the  mixture  the  energy  of  the  air  is  Ma  cv  T  and  that  of  the  steam 
is  Ms  (uf  -{-  x  p  )  if  the  quality  is  x,  or  Ms  u  if  the  steam  is  super- 
heated, and  u  is  the  energy  per  pound  at  pressure  ps  and  temperature 
T.    Hence 

U  =  Ma  Cv  T  +  Ms  (u'  +  xp) (11) 

or  U  =  Ma  c  T  +  Msu, .      .     (12) 

according  as  the  steam  in  the  mixture  is  wet  or  superheated. 

If  the  steam  in  the  final  mixture  is  wet  there  are  three  unknown 
quantities  to  be  determined,  namely,  pa,  T,  and  x.  These  may  be 
found  from  the  three  independent  equations  (5),  (6),  and  (11).  If 
the  steam  in  the  mixture  is  superheated  the  three  unknown  quantities 
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are  p„,  ps,  and  T,  arid  the  three  equations    (5),    (7),  and   (12)   are 
sufficient  for  their  determination. 

(b)     The  air  and  the  steam  enter  a  chamber  through  separate 
channels  and  the  mixture  is  drawn  out  through  a  third  pipe,  Fig.  13. 
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Fig.  13.     Method  of  Forming  Air-Steam  Mixtures;    Casj    B 

Let  31, ,  and  Ms  denote  the  weights  of  air  and  steam,  respectively,  en- 
tering the  chamber  per  second;  then  with  steady  flow  31  =  Ma  -\-Ms 
is  the  weight  of  mixture  leaving  per  second. 

In  this  ease  the  relation  Va  -J-  V*  =  V  does  not  hold,  and  there 
are  in  consequence  only  two  instead  of  three  equations  from  which 
to  determine  the  unknown  quantities.  The  fact  that  the  volume  V 
of  M  pounds  of  mixture  is  occupied  by  both  air  and  steam  gives  the 
equations  (5)  and  (6)  or  (5)  and  (7)  as  before,  but  as  V  is  now 
unknown  the  combination  of  these  equations  gives  the  single  relation 

Ma  B  T 


Va 


=  Ms  x  v" (13) 


31  „  ri   1  ,  r  „., 

■or  — =  M,  v        (14) 

Va 

according  as  the  steam  is  wel  or  superheated. 

The  second  equation  of  condition  is  obtained  as  follows.  If 
Va  is  the  volume  of  air  entering  the  mixing  chamber  per  second,  the 
product  pa  Va  gives  the  work  done  on  .1/,,  pounds  of  air  in  forcing  it 
into  the  chamber;  and  similarly  the  product  pg  Vs  is  the  work  done 
in  M8  pounds  of  steam  in  forcing  it  into  the  chamber.  In  leaving  the 
chamber  the  volume  V  flowing  per  second  has  to  pass  out  against 
the  external  pressure  P  and  hence  does  the  work  PV.  As  no  heat 
enters  or  leaves,  the  net  work  done  on  the  system  must  appear  as 
increased  energy.  Taking  the  energy  in  thermal  units,  this  fact  is 
expressed  by  the  equation 

A(paVa  +  pa  V8r-PY).^U-(Ua  +  Ua) 
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But  since  U  -f-  A  p  V  =  I,  the  equation  becomes 

h  +  I^I (15) 

That  is,  the  heat  content  of  the  mixture  is  the  sum  of  the  heat 
contents  of  the  air  and  steam,  respectively,  before  mixing.  Equations 
(10),  (11),  and  (12)  are  in  this  case  replaced  by  the  following; 

I  =  Ma  cp  Ta  +  Ms  {i's  +  xsrs) (16) 

/  =  Ma  cpT    +  Ms  (i'  +  x  r) (17) 

/  =  M„  cpT    +  M.i (18) 

As  before,  equation  (17)  is  used  when  the  steam  in  the  mixture  is 
wet,  equation  (18)  when  it  is  superheated.  In  (18)  i  denotes  the  heat 
content  of  one  pound  of  superheated  steam  at  pressure  ps  and  tem- 
perature T. 

There  being  two  equations  of  condition,  only  two  independent 
unknown  quantities  can  be  determined.  It  is  evident,  indeed,  that 
the  final  pressure  P  should  not  be  uniquely  fixed  by  the  initial  states ; 
for  its  magnitude  must  be  influenced  by  the  rate  of  flow.  If,  therefore, 
P  is  given  or  assumed,  the  remaining  unknown  magnitudes  are  the 
temperature  T  and  quality  ./•  if  the  steam  in  the  mixture  is  wet. 
From  the  temperature  the  pressure  ps  is  known,  and  then  pn  =  P  -  p*- 
If  the  steam  in  the  mixture  is  superheated,  the  unknown  magnitudes 
are  T  and  either  pa  or  ps. 

11.  Illustrative  Examples. — Let  1  pound  of  steam  at  a  pres- 
sure of  125  pounds  per  square  inch  and  quality  0.98  be  mixed  with  5 
pounds  of  air  having  a  pressure  of  125  pounds  per  square  inch  and  a 
temperature  of  100  degrees  Fahrenheit.  The  pressure  of  the  mixture 
leaving  the  mixing  chamber  is  123  pounds  per  square  inch. 

The  condition  that  the  steam  and  air  in  the  mixture  both  occupy 
the  total  volume  gives  by  a  combination  of  equations  (5)  and  (6)  the 
equation 

MaB  T 


or 


Pa 

MaB  T 

=  Ms  pa  v" 


M.  x  v", 


Taking  pn  in  pounds  per  square  inch,  and  inserting  the  numerical 
values, 
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,,5X53-34    r         j 


144        pa  v"  pa  v" 

The  initial  heat  content  of  the  steam  (Goodenough's  steam  tables)  is 
1174.5  B.t.u. ;  the  heat  content  of  the  air  is 

Mn  cp  Ta  =  5  X  0.242  X   (100  +  460)  =677.6  B.t.u. 

Hence  the  heat  content  of  the  mixture  is  1174.5  +  677.6  =  1852.1  B.t.u. 
If  the  temperature  of  the  mixture  is  T,  the  equation  for  the  heat 
content  of  the  mixture  is 

5  X  0.242  X  T  +  i'  -f  xr  =  1852.1 ; 

or  inserting  the  expression  for  x 

1.21  T+  ;/+l-852r.L  =  i852.i 

Pa  V" 

To  solve  this  equation  assume  probable  values  of  the  temperature  t, 
and  from  the  steam  table  get  the  corresponding  values  of  ps,  i',  r, 
and  v".  Insert  these  in  the  equation,  taking  pa  =  123  —  ps.  A  pre- 
liminary trial  shows  that  the  temperature  is  in  the  vicinity  of  240 
degrees.  Hence  take  240,  245,  and  250  as  trial  temperatures  and 
arrange  the  work  as  follows : 


t  = 

240.0 

245.0 

250.0 

T  = 

700.0 

705.0 

710.0 

r  = 

953.9 

950.6 

947.3 

From 

v"  = 

16.33 

15.02 

13.83 

steam 

i'  = 

208.2 

213.2 

218.3 

table 

P.= 

24.97 

27.31 

29.83 

Pa=123- 

~Ps 

=     98.03 

95.69 

93.17 

1.85277    r 
pa  v" 

=  772.5 

863.6 

966.7 

i' 

= 

208.2 

213.2 

218.3 

1.21T 

= 

847.0 

•853.1 

859.1 

/  of  mixt 

ure 

= 

1827.7 

1929.9 

2044.1 

These  values  of  I  are  plotted  and  the  curve  intersects  the  line  7=1852.1 
at  the  temperature  t  =  241.5  nearly.  This,  therefore,  is  the  temperature 
of  the  mixture. 

For  t  =  241.5,  the  steam  tables  gives  ps  =  25.66,  v"=  15.92;  hence 

1.852  T        1.852  X  701.5  _       c„c 
X  "      V.v"      ~  97T3TX  15.92  "  U-8,38 
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As  a  second  example,  take  the  same  data  as  in  the  preceding  except 
that  the  air  has  a  temperature  of  400  degrees  initially. 

In  this  case  the  steam  in  the  mixture  wilL  be  superheated.  The 
initial  heat  content  of  the  air  is  1.21  X  860  =  1040.6  B.t.u.  and  adding 
the  initial  heat  content  of  the  steam,  the  heat  content  of  the  mixture 
is  1040.6  +  1174.5  =  2215.1  B.t.u.  Let  v  denote  the  volume  and  i 
the  heat  content  of  1  pound  of  superheated  steam  at  the  pressure  pg 
and  temperature  of  the  steam  in  the  mixture.  Then  the  two  equations 
of  condition  are 

1.85271 

v  =  

Pa 

1.21  T  +  i=2215.1 

The  temperature  of  the  mixture  must  evidently  lie  between  344.4 
degrees,  the  temperature  of  the  steam,  and  400  degrees,  the  temperature 
of  the  air.  Hence  for  a  preliminary  survey,  take  t  =  360,  365,  370. 
The  computation  is  arranged  as  in  the  following  schedule. 

t  =  360  365  370 

T  =  820  825  830 

1.2171  =  992.2  998.2  1004.3 

2215.1  -1.2lT=i  =  1222.9  1216.9  1210.8 

p,  (from  table)  =  9.5  59  105 

v  (from  table)  =  51.35  8.13            4.50             (a) 

pa  =  123  -p.  =  113.5  64               18 

1-85277  =  v  =      13.38  23.87  85.4  (b) 

Pa 

With  temperatures  as  abscissas,  curves  are  drawn  with  the  volumes 
given  by  rows  (a)  and  (b)  as  ordinates.  The  intersection  of  these 
curves  shows  that  the  two  values  of  v  are  coincident  for  t  =  362  de- 
grees approximately.  To  get  a  more  exact  value  the  computation 
is  repeated,  taking  t  =  361,  362,  363.  The  following  results  are  then 
obtained:  t  =  361.8  degrees,  ps  =  28.5  pounds,  and  pa=94.5  pounds 
per  square  inch. 

12.  Adiabatic  Changes  of  Air-Steam  Mixtures. — If  a  mixture  of 
air  and  steam  is  subjected  to  an  adiabatic  change  of  state,  expansion 
or  compression,  there  are  two  problems  to  be  considered ;  first,  to  find 
the  condition  of  the  mixture  at  the  completion  of  the  process,  and 
second,  to  find  the  external  work  done  by  or  on  the  mixture. 
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According  to  Law  5,  Art.  9,  the  entropy  of  the  mixture  is  the 
sum  of  the  entropies  of  the  constituents,  as  they  exist  in  the  mixture. 
It  is  not  the  sum  of  the  entropies  of  the  air  and  steam  before  mixing, 
because  the  mixing  process  always  entails  an  increase  of  entropy. 

Neglecting  the  constant  S0  that  always  occurs  in  expressions  for 
entropy,  because  it  disappears  by  subtraction,  the  entropy  of*  Ma 
pounds  of  air  is  given  by  either  of  the  three  expressions 

Sa   =   Ma  (CplogeT   -  AB  loge  P«) (19) 

Sa  =  Ma  {Cv  logeT  +  AB  loge  v) (20) 

Sa  =  Ma  (Cp  10ge  V     -f  C»  loge  pa) (21) 

Of  these,  the  first  expression  is  usually  most  convenient  for  the  in- 
vestigation in  hand.  The  entropy  of  the  steam  in  the  mixture,  if  sat- 
urated or  wet,  is  given  by  the  usual  expression 

S8  =  Ms  (s'  +^) (22) 

Hence  a  general  expression  for  the  entropy  of  the  mixture  is 

S  =  Ma  (CplogeT  -  ABlogrPa)  +  M8(s'  +  y)   .     (23) 

If  the  steam  in  the  mixture  is  superheated  its  entropy  is 

S8  =  M8  s,         (24) 

where  s  denotes  the  entropy  of  one  pound  at  the  given  pressure  and 
temperature.     Then  the  entropy  of  the  mixture  is 

S  =  Ma  (CplogeT  -  AB  logePa)  +  M8s  ....     (25) 

The  mixture  expands  adiabatically  from  the  initial  pressure  Px 
to  a  final  pressure  P2.  The  condition  of  the  mixture  in  the  final  state 
as  determined  by  the  temperature  T2,  the  partial  pressures  p2„  and 
p2S,  and  the  final  quality  x2,  is  required.  If  during  expansion  the 
steam  remains  wet  or  becomes  wet  there  will  be  only  two  unknown 
quantities  to  be  determined,  namely  p2S  and  x2 ;  for  p2S  fixes  T.,  and 
also  p2a,  since  p2a  =  p2~ P2S-  Two  equations  of  conditions  are  fur 
nished :  (1)  the  final  entropy  82  is  equal  to  the  initial  entropy  N, 
given  by  equation  (23)  or  equation  (25).    Hence 

S2  =  flf,  =  Ma  (c„  loge  T,  -  AB  log,  pa2)  +  M/s2'  +  ^-  )    (26) 
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(2)  the  final  volume  V2  is  occupied  by  the  air  and  also  by 
the  steam ;  hence 

V2  =  MjtMl  =  M&  X2  K (27) 

Pa  2 

Eliminating  x2  between  these  equations,  the  resulting  equation  is 

MJB  r. 


Sx    =  Ma  (Cp\0geT2  -  AB\0gePa2)  +  Mg 


s'   + 


Msp02< 


(28) 


This  equation  contains  only  one  unknown  quantity,  say  pa.2.  To 
determine  this  unknown  take  a  series  of  probable  values  of  pa2,  and 
thus  get  at  once  the  corresponding  values  of  pS2  =  P2  —  pa2.  For  these 
values  of  p,S2  corresponding  values  of  T2,  s\,  r2,  and  v" 2  are  found  in 
the  steam  tables;  hence  for  each  assumed  value  of  pa2  the  value  for 
the  second  member  of  equation  (28)  may  be  calculated.  These 
values  are  then  plotted  and  the  intersection  of  the  curve  with  the  line 
S\  =  constant  gives  the  desired  value  of  pa2. 

If  the  steam  in  the  final  state  is  superheated  the  two  equations  of 
condition  are : 

82  =  81  =  Ma(cplogeT2-AB  \0gePa2)  +  Mss2,      .        (29) 

MaBT, 


Pal 


M„v2, (30) 


in  which  s2  and  v2  denote  respectively  the  entropy  and  volume  of 
one  pound  of  superheated  steam  at  the  pressure  2^  and  temperature 
T2. 

Again  assume  a  probable  value  of  pn.2 ;    then  pS2  =  P2  —  pa2. 
From  equation  (30) 

v2  =  k  To,  where  k  =  ^f  B (31) 

Ms  pa2 

From  the  table  of  the  properties  of  superheated  steam  take  the 
pressure  pS2  and  from  the  corresponding  values  of  T2  and  v2  find  the 
value  of  T2  which  satisfies  the  relation  v2  =  kT2;  also  find  the  corre- 
sponding value  of  s2.  The  second  member  of  equation  (29)  may  now 
be  calculated.  Values  thus  obtained  for  different  assumed  values  of 
pa2  are  plotted,  as  before. 
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The  external  work  performed  in  an  adiabatic  change  is  equal 
to  the  decrease  of  intrinsic  energy.     Thus 

AW  =  Ut  -  U, (32) 

The  values  of  JJ1  and  U»  are  obtained  from  equation  (11)  or  equation 
(12). 

13.  Isothermal  Changes  of  State. — If  the  steam  in  the  mixture 
remains  wet  during  the  change  the  following  relations  are  readily 
obtained.  Since  T  remains  constant,  the  change  of  energy  from 
equation  (11)  is 

U2  -  Ux  =  M8p  (x2- Xi) (33) 

From  equation  (23)  the  change  of  entropy  is 

S2-S1=MaAB\oge^^-Ms-l-(x2-x1)     .      .     (34) 

Pa2  * 

The  heat  added  is 

Q  =  TiSz-SJ 

=  MaABT  loge  ^  +  M,r  (x%-xx)        .     .     (35) 

Pa  2 

Subtracting  equation  (33)  from  equation  (35),  the  difference  gives 
the  heat  equivalent  of  the  external  work.     Thus 

AW  =  MaABT\oge—  +Ms(r-p){x2-xl)   .      .     (36) 

Pa2 

or  W     =    pnlVx  loge  £«!  +  ps  (F2  -  Vx)     .      .      .     (37) 

Pa  2 

Since  T  remains  constant  the  pressure  ps  of  the  steam  remains 
constant;  hence  if  the  final  pressure  is  P2,  Pa2==  P2~Ps-  The  initial 
and  final  volumes  are,  respectively, 

V^Maiv",     V2=Msx2v" 
whence        x2  =  -^  x, 

2.  y^         1 

or  x    =Pll  x (38) 

Pa2 

If  the  steam  in  the  second  state  is  superheated,  the  constant  tem- 
perature T  is  known,  as  is  also  the  final  pressure  P2.  However,  the 
partial  pressures  pa2  and  pS2  are  unknown.     The  relation 
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V2  =  Ms  v2  =  - 


MaBT 


Pa-2 


(39) 


gives  again  v2  =  kT,  where  k  — 


MaB 


Assume  various  values  of 


Mspa2' 

pa2,  get  corresponding  values  of  pS2,  and  from  the  superheat  table 
observe  the  value  of  pS2  for  which  the  relation  v2  =  kT  is  satisfied. 

Having  pa2  and  pS2,  the  energies  U1  and  U2  and  the  entropies  St 
and  $2  are  readily  found  from  the  general  formulas ;  then  u2—  ult  Q, 
and  W  are  calculated  as  in  the  preceding  case. 


14.  Work  of  Air  Cycle  on  Rankine  Principle. — Although  the 
theoretical  Rankine  cycle  is  based  on  steam  as  the  working  medium, 
it  seems  possible  and  perfectly  proper  to  develop  an  air  cycle  or 
an  air-steam  cycle  undergoing  the  same  thermodynamic  changes  as 
those  shown  by  the  Rankine  diagrams.  These  changes,  illustrated  by 
the  P—V  diagram  of  Fig.  14  and  the  T—S  diagram  of  Fig.  15,  consist 
of,  first,  adiabatic  expansion  from  point  (1)  to  point  (2) ;  second, 
exhaust  to  the  atmosphere  at  constant  pressure  and  constant  temper- 
ature;   third,  admission  of  a  new  charge  of  the  working  medium, 


Fig.  14.       P-V  Diagram  for  Rankine  Cycle,  Complete 
Expansion  to  Back  Pressure 


Fig.  15. 


6^ 
T-S  Diagram  for  Rankine  Cycle,   Complete 
Expansion  to  Back  Pressure 
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which,  because  of  lack  of  clearance  in  the  theoretical  engine  causes 
a  rise  of  pressure  at  constant  volume  followed  by  an  increase  in 
volume  at  constant  pressure  to  the  point  of  cut-off  (1)  ;  thus  the 
cycle  is  completed. 

The  work  done  during  the  cycle  in  which  expansion  continues  to 
the  back  pressure  is  equal  to  the  heat  put  in  up  to  the  point  of  cut- 
off minus  the  heat  rejected  after  the  adiabatic  expansion  ceases, 
that  is,  algebraically 

AW  =  i1-i2 (40) 

If  the  expansion  is  not  complete,  as  represented  by  the  diagrams 
of  Figs.  16  and  17,  it  is  necessary  to  use  a  different  expression  for  the 
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Fk;.  1G.     P-V  Diagram  for  Eankine  Cycle,  Incomplete  Expansion; 
Release  Pressure  Higher  than  Back  Pressure 
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Fig.  17.     T-IS  Diagram  for  Eankine  Cycle,  Incomplete  Expansion 
Release  Pressure  Higher  than  Back  Pressure 


work  of  the  cycle.  To  develop  such  an  expression,  consider  two  cycles, 
one  in  which  adiabatic  expansion  takes  place  from  point  (1)  to 
point  (3),  and  the  other  in  which  adiabatic  expansion  starts  at  point 
(2)  and  continues  to  point  (3).  It  will  be  noted  that  both  of  these 
assumed  cycles  expand  to  the  back  pressure;  hence  equation  (40)  is 
applicable  to  each.     In  the  first  case,  the  work  of  cycle  1-3-4-5-7  is 
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(i1-'h).  In  the  second  case,  the  work  of  cycle  2-3-4-5-6  is  (i2-i3). 
The  work  represented  by  the  area  2-4-5-6,  common  to  both  cases,  is 
A(p2  —  p3)v2  expressed  in  B.t.u.  It  is  evident  then  that  the  work 
represented  by  area  1-2-4-5-7  is 

AW  =  ('h-LJ  -  (v-.H)  +  A(p2-p3)v2 

=  h-i2  +  A(p2-p3)v2 (41) 

15.  Specific  Heat  of  Air.- — Several  attempts  have  been  made  to 
establish  the  variation  of  the  specific  heat  of  air  with  temperature  and 
pressure,  but  the  results  available  at  the  present  time  are  to  a  great 
extent  discordant  and  contradictory.  Probably  the  most  reliable  values 
of  the  specific  heat  at  ordinary  temperatures  are  those  published 
by  Swann*  in  1910.  His  results,  in  terms  of  the  20-degree  calorie 
are  as  follows : 

cp  =  0.24173  cal.  per  gram-degree  at  20  degrees  centigrade; 
cp  =  0.24301  cal.  per  gram-degree  at  100  degrees  centigrade . 

In  terms  of  the  mean,  (17^-degree)  calorie,  these  values  reduce  to 
0.2415  at  68  degrees  Fahrenheit  and  0.2428  at  212  degrees  Fahren- 
heit. 

The  most  recent  data  were  published  by  Holborn  and  Jakob  t 
in  1914.  The  tests  covered  the  pressure  range  from  1  to  200  atmos- 
pheres, and  at  a  mean  temperature  of  60  degrees  centigrade.  The 
results  show  a  decided  increase  of  cp  with  pressure,  but  the  result 
obtained  at  atmospheric  pressure  is  in  close  agreement  with  the 
values  given  by  Swann.  For  140  degrees  Fahrenheit  and  atmospheric 
pressure,  cp  =  0.2415,  while  at  25  atmospheres  cp  =  0.2490. 

Scheel  and  Heuse  found  that  at  20  degrees  centigrade  and  at- 
mospheric pressure  cp  =  0.2410,  but  at  lower  temperatures  they  found 
larger  values,  a  result  contrary  to  general  belief. 

Owing  to  lack  of  sufficient  and  uniform  data  with  which  to  deduce 
the  variations  in  question,  and  owing  to  the  fact  that  these  variations 
appear  to  be  small  over  the  range  of  pressures  and  temperatures  en- 
countered in  this  investigation,  the  specific  heat  of  air  is  considered  as 
constant  and  equal  to  0.242. 


*  ''On  the  Specific  Heats  of  Air  and  Carbon  Dioxide  at  Atmospheric  Pressure  by  the 
Continuous  Electric  Method  at  20?  C.  and  100?  C,"  Phil.  Trans.  Roy.  Soc.  of  London,  v.  210: 
p.   199,   1910. 

t  Holborn,  L.  and  Jakob,  M.  "Die  spezifische  Warme  c„  der  Luft  bei  60°  C.  und  1  bis  200  t., 
Zeitschrift  des  Vereines-deutscher  Ingenieurs,  v.  58,  p.  1429,  Oct.  3,  1914. 
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IV.     Construction  and  Use  of  Charts 

16.  Heat  Content — Entropy  Charts. — In  the  pocket  attached  to 
the  back  cover  page  are  contained  eight  charts  which  illustrate  the 
thermal  properties  of  various  mixtures  of  air  and  steam,  and  which 
were  constructed  from  data  obtained  according  to  the  following  scheme. 
Dalton's  Law  states  that  when  two  or  more  gases  and  vapors  occupy 
a  space  in  common,  each  behaves  as  though  the  others  were  absent,  and 
the  pressure  upon  the  walls  enclosing  the  space  or  at  any  point  within 
the  space  must  be  the  sum  of  the  pressures  exerted  by  all  the  con- 
stituents of  the  mixture.  After  this  well-known  law  is  applied  to  a 
mixture  of  air  and  steam,  it  is  apparent  that  each  substance  occupies 
the  total  volume  and  exerts  a  certain  definite  pressure,  known  as 
its  partial  pressure ,  such  that  the  sum  of  the  partial  pressures  is 
equal  to  the  total  pressure  of  the  mixture.  For  saturated  steam  the 
pressure  is  fixed  by  the  temperature,  or  vice  versa,  and  determined 
from  the  steam  tables ;  likewise  the  other  properties,  such  as  specific 
volume,  heat  content,  entropy,  etc.,  are  determined.  It  is  assumed 
that  Boyle's  Law  for  a  perfect  gas  holds  for  air;   whence 

Pn   V 

£"Y~=  53.34 

It  was  found  to  be  most  covenient  to  keep  the  air  constituent 
equal  to  one  pound  for  all  mixtures;  hence  all  the  charts  are  based 
on  one  pound  of  air,  and  the  weight  of  steam  in  each  case  is  fixed  by 
the  percentage  of  steam  under  consideration. 

As  a  preliminary  to  further  proceedings,  a  table  of  values  com- 
mon to  all  mixtures  was  made,  in  which  the  main  headings  of  columns 
were  "pressure  of  mixture,"  (pm),  and  "temperature  of  mixture," 
(t),  respectively.  The  pressures  ranged  from  atmospheric  pressure 
to  150  pounds  per  square  inch  absolute,  and  the  temperature  extended 
from  32  degrees  to  the  point  where  the  partial  pressure  of  the  steam 
reached  the  pressure  of  the  mixture,  which  for  a  pressure  of  150 
pounds  was  between  355  and  360  degrees  Fahrenheit.  G.  A.  Good- 
enough's  latest  steam  tables  were  used.  For  each  temperature  the 
corresponding  steam  pressure,  (ps),  specific  volume,  (vs),  heat  con- 
tent, (t"),  heat  of  liquid,  (i'),  entropy  of  the  steam,  is"),  and  entropy 
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of  the  water,  (sf)  were  found  and  tabulated  opposite  the  temperature. 
Since  all  these  quantities  are  for  one  pound  of  steam,  Boyle's  Law  and 
Dalton's  Law  were  applied  consecutively  to  determine  the  maximum 
weight  of  dry  saturated  steam  which  could  exist  with  the  air  under 
each  condition  of  temperature  and  pressure.  With  the  partial  pres- 
sure of  the  air,  (pa),  which  is  the  difference  between  the  pressure  of 
the  mixture  and  the  partial  pressure  of  the  steam,  and  with  the  abso- 
lute temperature  and  the  gas-constant,  the  volume  occupied  by  the  air 
is  readily  computed.  Since  the  steam  must  occupy  the  same  volume, 
its  weight  equals  the  volume  divided  by  the  specific  volume.  This 
weight  is  designated  by  Ms„  and  is  the  weight  of  steam  or  vapor 
present  with  the  air  when  the  space  is  saturated.  In  any  case,  where 
the  mixture  under  consideration  contains  more  than  the  amount  of 
steam  necesssary  for  saturation  under  the  prevailing  conditions  of 
temperature  and  pressure,  the  excess  steam  is  regarded  as  water. 

To  find  the  values  for  entropy  of  air  the  following  formula, 
derived  in  G.  A.  Goodenough's  "Principles  of  Thermodynamics, "  is 
employed : 

So  -  Si  =  Ct)  loge-TJT  -  AB  l0ge  — 

J- 1  Vi 

in  which 

s2-s1  represents  the  "change  of  entropy''  (commonly  called 
"entropy")  between  points  1  and  2,  point  1  usually  being  an  arbitrary 
reference  point; 

cp  is  the  specific  heat  of  air  at  constant  pressure,  numerical  value 
of  which  the  theoretical  discussion  of  Part  III  shows  to  be  somewhat 
in  question,  but  which  is  assumed  constant  and  equal  to  0.242  for  the 
range  of  temperatures  and  pressures  here  considered; 

Tx  and  T2  are  absolute  temperatures  at  point  1  and  point  2, 
respectively,  while  p1  and  p2  are  absolute  pressures  at  the  same  points ; 

AB  is  a  constant,  being  the  product  of  the  gas-constant  and  the 
reciprocal  of  Joule's  Equivalent,  or  53.34-^777.64. 

With  the  arbitrary  point  1  at  T1  taken  as  1  degree  absolute  tem- 
perature and  px  taken  as  1  pound  absolute  pressure,  the  formula  be- 
comes very  simple  to  use.  Substituting  the  numerical  values  of  con- 
stants and  using  2.3025851  log10  in  place  of  loge  gives  the  formula 
as  finally  used: 

sa  =  0.55722559  log10r  -  0.15793926  log10pa 
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The  entropy  of  water  as  tabulated  in  the  steam  tables  is  above  32 
degrees   Fahrenheit;    consequently   the   entropy  of  steam,   which  is 

the  sum   of   the   entropj    of   evaporation,     ,  ,  plus  1  lie  entropy  ol 

water,  is  also  the  entropy  above  32  degrees.  Since  the  entropy  of 
the  air  is  taken  with  reference  to  a  datum  point  different  from  that 
of  the  steam  the  resultant  datum  point  for  entropy  of  the  mixture 
is  imaginary,  but.  this  fact  does  not  detract  from  the  usefulness  of 
the  charts. 

The  charts  are  divided  into  two  distinct  regions;  namely,  the 
saturation  region,  extending  below  the  saturation  line,  and  the  super- 
heat region,  extending  above  the  saturation  line.  In  the  saturation 
region  water  is  present  with  the  steam  and  the  air;  and  the  heat 
content  of  the  mixture,  or  the  entropy  of  the  mixture,  is  determined 
by  the  sum  of  the  individual  heat  contents,  or  the  individual  entropies, 
of  the  three  constituents.  In  the  superheat  region,  however,  there 
are  only  two  constituents  since  no  water  is  present,  and  the  weight 
of  steam  is  constant  for  a  given  mixture. 

The  method  of  determining  the  heat  content  and  the  entropy  of 
the  steam  in  the  superheat  region  involves  treatment  somewhat  dif- 
ferent from  that  previously  explained  for  saturated  steam.  As  a 
starting  point,  values  at  regular  intervals  were  assumed  for  the  partial 
pressure  of  the  steam.  For  each  assumption  at  the  temperature  under 
consideration  the  specific  volume,  the  heat  content,  and  the  entropy 
per  pound  are  fixed  by  the  steam  tables.  From  the  specific  volume  and 
the  weight  of  steam  the  actual  volume  occupied  by  the  steam  is  found 
by  multiplication.  This  result  being  the  volume  of  the  air  as  well  as 
that  of  the  steam,  it  becomes  possible  to  find  the  partial  pressure  of 
the  air  from  Boyle's  Law.  Adding  the  partial  pressure  of  the  air  'to 
the  partial  pressure  of  the  steam  originally  assumed  gives  the  total 
pressure  of  the  mixture.  The  heat  content  and  the  entropy  of  the 
steam  in  the  mixture  are  determined  by  the  weight  of  steam.  Values 
for  pressures  intermediate  to  those  assumed  were  found  by  graphical 
interpolation. 

The  quality  lines  shown  in  the  saturation  region  were  determined 
in  each  case  from  a  set  of  constant  pressure  curves  plotted  between 
Msa  (weight  of  dry  saturated  steam  corresponding  to  temperature) 
and  im  (heat  content  of  mixture),  the  weights  of  dry  saturated  steam 
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at  various  qualities  being  those  percentages  of  the  total  weight  of 
steam  in  the  mixture  Ms.  The  heat  contents  thus  found  for  the 
various  qualities  were  plotted  on  the  corresponding  pressure  lines 
of  the  charts,  and  the  quality  lines  drawn  as  shown. 

The  volume  lines  were  determined  in  a  somewhat  similar  fashion, 
except  that  in  each  case  a  set  of  constant  temperature  curves  were 
plotted  between  Vm  (volume  of  mixture)  and  sm  (entropy  of  mixture), 
and  then  for  various  volumes  the  entropy  corresponding  to  each  of 
the  various  temperatures  was  transferred  from  these  curves  to  the 
chart. 

17.  Application  of  Charts. — The  analytical  solution  of  problems 
connected  with  mixtures  of  air  and  steam  entails  considerable  com- 
plication and  no  small  amount  of  calculation.  The  heat  content — 
entropy  charts  presented  herewith  may  be  used  to  simplify  the 
solution  of  such  problems  in  much  the  same  way  as  a  Mollier  steam 
chart  facilitates  the  handling  of  steam  problems. 

The  charts  enable  one  to  anticipate  the  resultant  conditions  of 
a  mixture  when  the  initial  conditions  of  the  air  and  of  the  steam 
are  known,  provided  one  condition  of  the  mixture  is  known  or  as- 
sumed. They  also  facilitate  the  solution  of  problems  wherein  a  mix- 
ture of  air  and  steam  undergoes  adiabatic  or  isothermal  expansion  or 
compression.  The  solution  of  a  few  typical  problems  will  illustrate 
their  application  more  clearly. 

Problem  1. 

Let  it  be  required  to  find  the  state  of  a  mixture  resulting  from 
the  combination  of  one  pound  of  air  at  114.5  pounds  per  square  inch 
absolute  pressure  and  100  degrees  Fahrenheit  initial  temperature,  with 
0.111111  pounds  (10  per  cent)  of  dry  saturated  steam  at  114.5  pounds 
per  square  inch  absolute  pressure;  the  pressure  of  the  mixture  also 
to  be  114.5  pounds  per  square  inch  absolute. 

In  solving  this  problem,  first  find  the  heat  content  of  the  mixture 
by  adding  the  individual  heat  contents  of  the  air  and  of  the  steam 
before  mixing.    That  for  the  air  is  given  by  the  expression 

ia  =  MaCp(t-Z2) 

in  which  cp  should  be  taken  as  0.242.    By  substitution, 
ia  =  1  X  0.242  X  (100  -  32)  =  16.45  B.t.u. 
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The  heat  content  of  the  steam  should  be  determined  by  the  use  of 
G.  A.  Goodenough's  latest  steam  tables.  For  the  given  pressure, 
?'"  =  1190.6  B.t.u.  per  pound. 

ia  =  Ms  i" 
=  0.111111  X  1190.6  =  132.29  B.t.u. 
Adding,  im  =  ^  -4-  ia 

=  16.45  +  132.29  =  148.74  B.t.u. 

Referring  now  to  the  chart  for  10  per  cent  steam,  find  the  intersection 
of  the  horizontal  heat  content  line,  148.74,  with  the  absolute  pressure 
line,  114.5.  This  point  represents  the  state  of  the  resultant  mixture, 
the  temperature  of  which  appears  to  be  210  degrees  Fahrenheit,  the 
quality  0.794,  and  the  volume  about  2.46  cubic  feet. 

The  volume  may  be  determined  with  somewhat  greater  precision 
by  the  use  of  steam  tables.  Since  the  volume  of  water  in  ordinary 
mixtures  is  inappreciable,  the  volume  of  the  mixture  is  practically 
equal  to  the  volume  of  dry  steam  in  the  mixture,  as  given  by  the 
relation 

V  =  Ms  xs  v" 

The  specific  volume  of  dry  saturated  steam  corresponding  to  a  tem- 
perature of  210  degrees  Fahrenheit  is  27.83  cubic  feet  per  pound.  By 
substitution, 

V  =  0.111111  X  0.794  X  27.83  =  2.457  cu.  ft. 

Problem  2. 

Let  it  be  required  to  find  the  resultant  state  of  the  mixture  of 
Problem  1  after  adiabatic  expansion  to  four  times  its  initial  volume. 

The  final  volume  obviously  equals  9.83  cubic  feet.  Refer  to  the 
chart  again,  and  note  the  intersection  of  this  volume  line  with  the 
adiabatic.  The  temperature  at  this  point  is  115.6  degrees  Fahrenheit, 
the  quality  0.388,  the  pressure  23  pounds  per  square  inch  absolute, 
and  the  heat  content  74  B.t.u. 

Problem  3. 

Let  it  be  required  to  find  the  amount  of  work  done  during  the 
adiabatic  expansion  of  Problem  2. 

In  general,  work  done  is  equal  to  the  change  of  intrinsic  energy, 

or  W  =  Ux  -  U2 
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Also,  by  definition,  i  =  u  -f-  Apv,  whence 

AUX  =  H  -  144  4  pxvt  =  H  -  0.1852  p^j 
AUi  =  k  -  144  A  p2v2   =  %i  -  0.1852  p2v2 

By  substitution  of  the  values  previously  determined, 

AUX  =  148.74  -  0.1852  X  114.5  X  2.457  =  96.64B.t.  u. 
AUZ  =  74.0  -  0.1852  X  23  X  9.83  =  32. 1  B.  t.  u. 
AW  =  AUi  -  AU2  =  96.64  -  32.1  =  64.54  B.  t.  u. 
W  =  778  AW  =  778  X  64.54  =  50  212  foot-pounds. 

18.  Saturation  Diagram. — The  Saturation  Chart  contained  in 
the  pocket  on  the  back  cover  page,  which  chart  is  constructed  for 
various  pressures  with  percentages  of  steam  as  ordinates  and  tem- 
peratures as  abscissae,  was  determined  by  the  combined  use  of  G.  A. 
Goodenough  's  tables  for  saturated  steam  and  the  perfect  gas  equa- 
tion for  air.  For  mixtures  of  50  per  cent  steam  or  less,  the  diagram 
shows  both  the  relation  between  total  pressure  and  temperature  of 
mixture,  and  the  corresponding  volumes  and  partial  pressures  when 
the  steam  in  the  mixture  is  dry  and  saturated.  It  is  probable  that 
this  condition  prevails  in  all  engine  tests  of  mixtures  of  air  and  steam 
except  those  in  which  the  air  was  supplied  at  a  temperature  of  some- 
thing over  200  degrees,  or  when  the  percentage  of  steam  was  very 
small.  The  so-called  mixing  chamber  used  in  the  engine  tests  was  a 
very  effective  separator,  and  it  seems  safe  to  assume  that  a  wet  mix- 
ture becomes  practically  freed  of  entrained  moisture  upon  leaving 
this  part  of  the  apparatus.  In  o±der  to  prove  the  validity  of  this 
assumption,  the  curves  shown  in  Figs.  18,  19,  and  20  were  plotted  with 
observed  temperatures  as  ordinates  and  theoretical  saturation  tem- 
peratures as  abscissae.  These  curves  show  very  clearly  where  the 
steam  in  the  mixture  was  saturated,  where  it  was  superheated,  and 
the  amount  of  superheat.  AVhen  the  possibility  of  experimental 
errors  is  considered,  the  agreement  of  the  observed  with  the  theoretical 
temperatures  where  the  saturated  condition  prevails  is  in  general 
satisfactory. 

Because  of  the  close  agreement  between  the  actual  and  theoretical 
saturation  temperatures  of  air-steam  mixtures,  it  is  possible  that  the 
injection  of  steam  into  air  until  it  is  known  to  be  saturated  with  water 
vapor,  and  the  subsequent  determination  of  the  steam  added  through 
its  condensation,   may  be   an  accurate   method   of   determining   the 
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weight  of  air  in  the  mixture.  If  this  method  is  employed  it  is  advisable 
to  use  the  air  cold,  and  to  add  enough  steam  to  ensure  saturation 
in  the  mixture.  This  cordition  may  easily  be  ascertained  by  the  use 
of  a  separator;  furthermore  the  separator  may  be  relied  upon  to 
remove  practically  all  the  entrained  moisture.  Pressure  and  tem- 
perature readings  should  be  ascertained  directly  after  the  mixture 
of  air  and  dry  saturated  steam  leaves  the  separator.  The  temperature 
must  be  ascertained  with  precision;  so  it  is  essential  that  the  ther- 
mometer be  carefully  calibrated  and  used  bare  rather  than  in  a 
thermometer-cup,  and  that  the  necessary  "stem-correction"  be  applied. 
In  order  to  determine  the  amount  of  steam  in  the  mixture  a  surface 
condenser  must  be  used,  and  the  mixture  cooled  as  much  as  possible. 
The  temperature  of  the  air  leaving  the  condenser  is  a  measure  of  the 
amount  of  moisture  it  carries  off,  which  should  be  computed  and 
added  to  the  condensate.  The  lower  this  exhaust  temperature,  the 
less  will  be  the  amount  of  moisture  thus  lost. 

19.  Theoretical  Gain  from  Mixing  Air  and  Steam,  Determined 
by  Aid  of  Charts. — That  quantities  of  air  and  steam  are  capable 
of  doing  more  work  expansively  when  mixed  than  equal  quantities  of 
the  two  media  acting  separately  can  accomplish  is  evidenced  to  a 
startling  degree  by  the  results  of  the  tests.  As  an  explanation  of 
this  peculiar  phenomenon  Reynolds'  experiments  have  been  cited  as 
evidence  that  the  cylinder  condensation  is  greatly  reduced  by  the 
presence  of  air.  Importance  is  also  attached  to  Rankine's  theory  that 
the  gain  from  mixing  is  partly  due  to  increasing  the  working  tem- 
perature limits  of  the  steam.  The  specific  heat  of  air  is  comparatively 
low,  and  expansion  of  air  against  a  piston  is  therefore  accompanied 
by  a  very  rapid  drop  in  temperature ;  thus  the  extremely  low  tem- 
peratures experienced  in  tests  with  cold  air  as  the  working  medium 
are  explained.  The  fall  in  temperature  is  accompanied  by  a  corre- 
spondingly rapid  decrease  in  pressure,  with  the  result  that  the  effective 
force  against  the  piston  and  the  net  work  done  are  comparatively  low. 

By  the  addition  of  a  small  amount  of  steam,  with  its  latent  heat 
of  vaporization  available  for  contribution  to  the  heat  content  of  the 
air  during  expansion,  the  rate  of  temperature  decrease  is  lessened  and 
the  mean  pressure  of  the  air  during  its  expansion  is  very  much  higher 
than  when  working  alone.  To  show  the  effect  of  this  action  a 
theoretical   pressure-volume    (Rankine)    diagram,   Fig.   21,   has  been 


GO 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


§>I20 
K 

^100 


to 

<0 

R 


to 

Q 


80 

60 
40 
20 


-Initial  Pressure  of  Mixture 

r 

/ 

\ 

Partial  Press  ure 

of  Air 



£. 

x 

\ 

,k 

^i 

rartia/ 
-Pressure 

\\ 

\ 

N 

Ad i  aba  tic  Expansion  of 
-ffixture,/-Air,  & /-Steam 

^v 

^ 

^r 

^ 

*^ 

■*>■■ 

/ 

^ 

r-v- 

1 — 

=3 

3 

1 

0         2         4-         6         8         10        12        14        16         18        20       22 
Volume  in  cubic  Feet 

Fig.  21.       I'-V  Diagram  for  Air-Steam  Mixtures 

drawn  for  a  saturated  mixture  containing  one  pound  of  air  and  20 
per  cent  of  steam  with  adiabatic  expansion  from  an  initial  pressure  of 
115  pounds  per  square  inch  absolute. 

Data  for  the  adiabatic  (isentropic)  expansion  of  the  mixture  were 
procured  from  the  20  per  cent  chart,  as  were  also  the  temperatures 
of  the  mixture  at  various  stages  of  the  expansion.  Corresponding  to 
these  temperatures  are  certain  pressures  for  saturated  steam,  shown 
by  steam  tables,  and  these  pressures  are  the  partial  pressures  of  the 
steam  in  the  mixture.  Subtracting  the  partial  pressure  of  the  steam 
at  various  points  from  the  corresponding  pressure  of  the  mixture 
gives  the  partial  pressures  of  the  air.  The  partial  pressures  of  the 
steam  and  of  the  air  during  the  adiabatic  expansion  of  the  mixture 
are  represented  by  the  dotted  lines.  The  full  line  adjacent  to  each 
i lotted  line  represents  adiabatic  expansion  of  the  constituent,  that 
for  air  being  determined  by  means  of  the  gas  equation  PiVxk  =  pj'K 
while  the  adiabatic  for  steam  was  computed  in  connection  with  the 
Mollier  diagram. 

The  dotted  line  which  represents  the  actual  change  of  condition 
of  the  air  in  the  mixture  naturally  lies  above  the  adiabatic  for  air, 
because  the  air  receives  heat  from  the  steam  during  the  process  of 
expansion  of  the  mixture.     The  area  between   these  two  curves  is  a 
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measure  of  the  work  gained  from  the  air  by  virtue  of  the  heat 
acquired  from  the  steam  during  the  adiabatic  expansion  of  the  mix- 
ture. On  the  other  hand  the  dotted  line  representing  the  variation  in 
partial  pressure  of  the  steam  during  adiabatie  expansion  of  the  mix- 
ture is  below  the  adiabatie  for  steam  alone,  and  the  area  between  these 
two  curves  represents  the  energy  given  to  the  air  by  the  steam.  The 
area  showing  an  increase  of  work  from  the  air  is  much  larger  than 
the  area  representing  the  decrease  in  work  done  by  the  steam,  the 
difference  obviously  being  the  net  gain  due  to  mixing. 

Summing  up  the  pressures  of  the  air  and  of  the  steam  when 
each  expands  adiabatically  gives  the  dashed  line  lying  near  the  curve 
for  adiabatic  expansion  of  the  mixture.  The  area  between  these  two 
lines  is  exactly  equal  to  the  difference  of  the  two  areas  mentioned  in 
the  preceding  paragraph,  and  likewise  represents  the  net  gain  due  to 
mixing. 

Other  mixtures  were  investigated  in  the  same  manner  and  with 
similar  results,  but  it  was  decided  that  additional  diagrams  of  this 
sort  would  be  of  no  particular  value,  since  the  theoretical  gain  with 
various  mixtures  is  shown  in  a  more  vivid  and  comprehensive  manner 
by  the  curves  of  Figs.  22  and  23. 
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Fig.  23.     Theoretical  Gain  in  Per  Cent  Due  to  Mixing   for  Different 
Percentages   of   Steam   in   Mixture 


The  data  for  these  curves  were  obtained  in  the  following  man- 
ner. It  was  assumed  that  an  engine  operated  on  a  cycle  similar  to 
the  theoretical  Kankine  cycle,  at  variable  cut-off,  with  an  initial  pres- 
sure of  115  pounds  per  square  inch  absolute,  and  exhausting  against 
atmospheric  back  pressure  of  14.7  pounds  per  square  inch.  The 
problem  was  then  one  of  determining  the  consumption  at  different 
loads : 

(1)     when  working  with  air  alone  at  given  initial  tempera- 
tures ; 

(2) 
(3) 
and  steam. 

After  these  determinations  were  made  and  the  results  plotted,  as 
shown  in  Figs.  24  and  25,  the  gain  due  to  mixing  was  found  and 
plotted  in  exactly  the  same  manner  as  previously  described  for  the 
experimental  data. 

The  determination  of  the  theoretical  air  consumption  at  various 
loads  was  made  by  taking  different  weights  of  air  and  by  computing 
the  work  that  each  would  do  in  accordance  with  the  Rankine  diagram. 


when  working  with  dry  saturated  steam  only; 

when  working  with  different  saturated  mixtures  of  air 


A  STUDY   OF  AIR-STEAM    MIXTURES 


63 


3.5 
%30 

%2.5 

% 

&/0 


05 


p 

5J. 

ejl. 

m 

50 


150 


75  100  125 

Work  done  per  Cycle  /n  B.  /  u. 

Fig.  24.    Thkoretical  Consumption  of  Air  and  Steam  Eespectively  per 
Cycle  for  Different  Amounts  of  Work  Done  per  Cycle 


^30 
% 


^0 

I 

^  1.0 

^0.4 


M  %  Steam 

i 

# 

ox 

/ 

Cc 

J30Z 

7% 

U/c 

50 


150 


75  100  125 

Work  done  per  Cyc/e  /n  B.t.u. 

Fig.  25.     Theoretical  Consumption  of  Mixture  per  Cycle  for  Different 

Amounts  of  Work  Done  per  Cycle  and  Different  Percentages 

of  Steam  in  Mixture 


64  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

The  work  of  the  cycle,  as  given  by  the  general  equation  (41),  is. 

AW  =  ij  - i2  +  A (p,  -  pz)  v.. 

The  final  volume  for  all  cases  was  arbitrarily  chosen  as  7.85  cubic 
feet,  the  volume  of  one  pound  of  air  at  the  end  of  the  adiabatie  ex- 
pansion. Substituting  this  value  of  v2,  together  with  the  constants 
previously  given,  the  equation  reduces  to  the  simple  form 

AW  =  i,  -  i2  +  1.454  (p2  -  14.7) 

The  initial  volume  of  one  pound  of  air,  at  the  initial  pressure  of  115 
pounds  per  square  inch  absolute  and  with  an  initial  temperature  of 
100  degrees  Fahrenheit,  was  found  to  be  equal  to  1.82  cubic  feet; 
therefore,  the  values  of  vx  for  the  different  assumed  weights  were 
easily  found  by  multiplication.     The  number  of  expansions  in  each 

case  was  then  determined  by  taking  the  ratio  — .     The  ratio  times 

the  volume  of  one  pound  of  air  at  the  initial  pressure  gives  the 
volume  to  which  the  working  substance  would  have  to  expand  at  the 
different  ratios  of  expansion,  provided  exactly  one  pound  of  air 
was  used  in  every  case.  The  purpose  of  making  this  computation 
was  to  enable  one  to  use  C.  R.  Richards'  "Entropy-Temperature 
Diagram  for  one  Pound  of  Air''*  for  determining  the  final  pressures 
and  temperatures  for  each  of  the  assumed  conditions.  Finally  the 
heat  content  of  air  is  expressed  by  the  general  equation 

/„-  Macp  T      .      . (42) 

henee  %  -  i2  =  Macp  (tl  -  t2).  With  the  initial  temperature  taken  as 
100  degrees  Fahrenheit  and  cp  as  0.242,  the  equation  for  this  set  of 
computations  reduced  to  ix  -  i2  =  0.242  Ma  (100  -  t2). 

Theoretical  steam  consumption  data  were  determined  in  a  similar 
manner  by  the  aid  of  a  Mollier  diagram,  with  the  same  general  formula 
for  the  work  of  the  cycle.  The  same  scheme  was  applied  in  the  case 
of  different  mixtures  after  the  state  of  the  mixture  was  determined, 
it  being  assumed  in  each  case  that  one  pound  of  air  at  100  degrees 
Fahrenheit  was  mixed  with  the  given  percentage  of  dry  saturated 
si  earn.  By  adding  the  heat  contents  of  the  constituents  before  mixing 
the  heat  content  of  the  mixture  was  obtained;  ilien  by  use  of  the 
chart   the   initial   state   of  the  mixture   was   determined.     For  each 
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different  percentage  the  final  volume  was  found  for  each  assumed 
ratio  of  expansion  when  the  weight  used  in  every  case  was  the  same 
as  the  unit  weight  upon  which  the  chart  was  based.  By  the  aid  of  the 
charts  it  was  a  simple  matter  to  determine  the  physical  and  thermal 
properties  of  the  mixture  for  any  degree  of  expansion,  that  is,  for 
any  ratio  of  expansion,  since  adiabatic  expansion  is  a  constant  entropy 
process.  Each  chart  is  based  upon  a  definite  weight  of  mixture  which 
in  every  case  contains  just  one  pound  of  air;  hence  the  total  weights 
for  the  several  charts  are  different.  This  fact  must  always  be  borne 
in  mind  when  the  charts  are  used. 

Comparison  of  Fig.  23,  which  represents  the  theoretical  gain  from 
mixing  when  working  on  the  theoretical  Rankine  cycle  without 
clearance  and  with  perfect  adiabatic  expansion  of  the  mixture,  with 
Fig.  6,  which  shows  the  actual  gain  in  a  real  engine,  brings  out  the 
fact  that  there  is  a  striking  similarity  between  the  two.  There  is 
some  difference  in  the  percentage  of  steam  which  gives  the  greater 
gain,  it  being  between  10  and  15  per  cent  in  the  theoretical  case  and 
about  25  per  cent  in  the  tests.  The  maximum  gain  is  a  function  of 
the  load,  and  as  nearly  as  can  be  determined  from  both  the  theoretical 
and  the  test  results  it  is  approximately  a  linear  function. 

The  curves  of  Fig.  26  are  produced  for  each  of  the  working  sub- 
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stances  in  order  to  give  some  idea  of  the  relation  of  the  work  done 
per  cycle,  as  expressed  in  B.t.u.,  to  the  cut-off  or  ratio  between  initial 
and  final  volumes.  This  relation  is  practically  the  same  for  steam 
and  all  the  various  mixtures,  as  is  evident  from  the  fact  that  a  single 
curve  approximates  all  plotted  points  for  steam  and  mixtures.  The 
curve  for  air,  however,  lies  below  the  curve  for  steam  and  mixtures; 
thus  it  is  suggested  that  a  greater  volume  of  air  is  required  to  do  the 
same  work  as  can  be  done  by  a  given  volume  of  steam  or  air-steam 
mixture.  This  indication  is  in  harmony  with  the  test  results.  Exam- 
ination of  the  indicator  cards  taken  during  the  mixture  tests  with 
air  at  100  degrees  Fahrenheit  shows  that  a  150-pound  brake  load  corre- 
sponds to  a  cut-off  at  or  near  14  per  cent  of  the  stroke ;  a  175-pound 
load  to  a  cut-off  at  or  near  18  per  cent ;  a  200-pound  load  to  a  cut-off 
at  or  near  22  per  cent,  and  a  225-pound  load  to  a  cut-off  at  or  near 
26  per  cent. 

Computations  were  not  made  with  air  at  other  temperatures, 
but  it  is  very  probable  that  the  same  sort  of  agreement  would  be  found 
between  theoretical  gain  and  actual  gain  for  every  case. 
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APPENDIX   A 

Description  of  Experimental  Plant 

The  photograph.  Fig.  27.  taken  in  connection  with  the  tests  of 
reheated  air  previously  mentioned,  shows  substantially  the  arrange- 
ment of  equipment  used  in  the  present  investigation  except  that  a 
reheater  of  different  design  was  employed  in  place  of  the  one  shown. 
A  diagrammatic  arrangment  of  the  equipment  used  is  shown  in  Fig. 
28.  The  air-compressor  is  not  shown  in  either  figure  but  its  use  is 
explained  and  its  relative  position  indicated  in  the  following  de- 
scription of  the  plant.  To  reduce  the  jmlsations  of  pressure  from 
the  compressor,  the  air  was  delivered  to  the  first  receiver  shown  in 
Fig.  28.  From  the  first  receiver  the  air  passed  through  the  Venturi 
tnhe  to  a  second  receiver  employed  to  reduce  the  pulsations  of  pressure 
produced  in  the  air  pipe  by  the  engine.*  Between  the  second  receiver 
and  the  engine  the  air  passed  through  several  feet  of  pipe  which 
could  be  heated  externally  by  gas  burners.  When  the  air  was  heated 
to  the  desired  temperature  it  was  delivered  into  a  mixing  chamber 
located  immediately  above  the  engine  throttle  valve.  High  pressure 
steam  could  also  be  admitted  to  this  mixing  chamber,  as  shown  in 
the  figure.  By  this  arrangement  it  was  possible  to  secure  the  desired 
proportion  of  steam  and  air  for  the  mixture  tests. 

The  engine  was  built  by  the  Murray  Iron  Works  Company  of 
Burlington,  Iowa.  The  builders'  rating  for  steam  when  operating 
non-condensing  with  100  pounds  gage  pressure,  100  r.  p.  m.,  and 
cut-off  at  one-quarter  stroke,  is  24  indicated  horse  power.  The 
governor  is  of  the  weighted  fly-ball  type.  The  principal  dimensions 
of  the  engine  are  as  follows : 

Cylinder   diameter 8.0    inches 

Stroke 18.05  " 

Piston-rod  diameter 1.875  "' 

Shaft  diameter 4.0  " 

Shaft  length 66.0  " 

Main  bearing  diameter 4.0  " 

Main  hearing  length 10.0  " 


*  Wilson,  L.  A.     "Action  of  VentuTi  Meter  with  Pulsating  Flow."     Power,  v.  44,  p    425 
Sept.   19,   1916. 
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Outer    bearing    diameter .        4.0    inches 

Outer    bearing    length 10.0 

Fly-wheel  diameter 6  feet 

Fly-wheel  face 9.0  inches 

Fly-wheel    weight •   .      .      .      .    '.  3100  pounds 

Crank-pin  diameter 2.25  inches 

Crank-pin  length 2.75      " 

Crosshead  pin  diameter 2.25      ' ' 

Crosshead  pin  length 2.75      " 

Crosshead  shoes  width 4.75      ' ' 

Crosshead  shoes  length 10.0        ' ' 

Steam  pipe   diameter 2.5        "   ' 

Exhaust  pipe  diameter 3.0        " 

Length  of  engine  from  cente'r  of  shaft  to  back  end  of 

cylinder  plate 8  feet,  3.5  inches 

Head-end  clearance 5.48  per  cent  piston  displacement 

Crank-end  clearance 5.63  per  cent  piston  displacement 

The  accessories  of  the  engine  used  in  all  tests  consisted  of  a  Prony 
brake,  condenser,  weighing  tank,  revolution  counter,  reducing  motion, 
mixing  chamber,  calorimeter,  and  two  Buffalo  scales,  one  used  with 
the  brake  and  the  other  for  weighing  the  condensate.  The  condenser 
was  of  the  Dean  surface  type  having  100  square  feet  of  condensing 
surface.  There  was  no  vacuum  pump  attached.  A  thermometer  cup 
was  inserted  at  the  outlet  of  the  condenser  for  taking  the  temperature 
of  the  condensate  and  air.  The  reducing  motion  was  of  the  ' '  rod  and 
groove"  type  with  grooved  and  notched  discs  for  engaging  the  in- 
dicator cord.  The  discs  were  2%  inches  in  diameter,  and  the  diagrams 
produced  were  approximately  4  inches  long.  An  adjustable  force- 
feed  lubricator  furnished  oil  to  the  cylinder  and  valves. 

The  air  compressor  was  an  Inger soil- Sergeant  two-stage  cross- 
compound  machine  having  a  maximum  capacity  of  approximately  375 
cubic  feet  of  free  air  per  minute  at  a  pressure  of  100  pounds  per 
square  inch  gage.  The  cylinder  dimensions  of  the  compressor  were 
as  follows : 

Inches 

Diameter    high-pressure    steam    cylinder 12.0 

Diameter  low-pressure  steam   cylinder      .......      22.0 

Diameter  low-pressure  air  cylinder 18.25 

Diameter  high-pressure  air  cylinder 12.25 

Stroke 12.0 
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The  Venturi  meter,  made  by  the  Builders'  Iron  Foundry  of 
Providence,  R.  I.,  had  an  up-stream  diameter  of  L'Vo  inches  and  a 
throat  diameter  of  ;;  \  inch;  thus  the  ratio  of  contraction  was  0.3. 
It  was  set  in  a  2^-inch  pipe  line  between  two  receivers,  7  feet  from 
the  nearest  up-stream  bend  and  5  feet  from  the  nearest  up-stream 
obstruction  in  the  pipe.  The  obstruction  was  a  thermometer  cup 
which  held  a  thermometer  to  indicate  the  temperature  of  the  air;  from 
that  point  to  the  meter  the  pipe  line  was  lagged.  The  meter  was 
in  three  sections.  The  first  was  the  inlet  section,  7%  inches  long, 
having  a  pressure  chamber  with  pipe  connection  leading  to  one  side 
of  the  manometer.  A  gage  was  also  attached  to  this  chamber.  The 
middle  section,  10%  inches  long,  contained  the  throat-pressure  cham- 
ber which  was  connected  to  the  other  side  of  the  manometer.  The 
third  section  was  an  expanding  nozzle,  12%  inches  long,  through  which 
the  increase  in  velocity  head  acquired  at  the  throat  was  converted 
back  to  pressure  head.  The  manometer  had  a  sliding  scale,  22  inches 
long,  divided  into  tenths  of  an  inch.  There  were  pockets  at  the 
bottom  of  the  manometer  fitted  with  needle  valves  to  drain  off  any 
mercury  or  water  which  might  accidentally  be  blown  over. 

The  receiver  between  the  compressor  and  the  meter  had  a  capacity 
of  65  cubic  feet.  It  was  fitted  with  a  blow-off  valve  which  was  adjusted 
by  means  of  a  sliding  weight.  The  second  receiver,  which  had  a 
capacity  of  17  cubic  feet,  was  located  between  the  meter  and  the 
engine.  The  meter  was  thereby  freed  from  the  disturbing  effect  of 
the  reciprocations  of  both  engine  and  compressor,  so  that  there  was 
no  appreciable  oscillation  of  the  liquid  in  the  manometer. 

A  portion  of  the  two-inch  pipe  leading  from  the  second  receiver 
to  the  engine  was  fitted  with  a  jacket  composed  of  12  feet  of  3-inch 
pipe  sealed  with  an  ammonia  fitting  at  each  end.  Both  cold  water 
and  steam  were  piped  to  the  jacket,  and  by  this  arrangement  it  was 
possible  to  regulate  the  temperature  of  the  air  within  the  lower 
range,  the  highesl  temperature  thus  attained  being  slightly  greater 
than  200  degrees  Fahrenheit.  For  higher  temperatures  a  battery 
of  four  blow-torches  was  arranged  to  play  on  a  vertical  section  of 
the  pipe  which  was  surrounded  by  approximately  four  feet  of  stove 
pipe  covered  with  asbestos  lagging.  With  both  heaters  utilized  simul- 
taneously a  temperature  of  400  degrees  was  readily  obtained  for 
the  maximum  amount  of  air  used  in  the  air  tests. 
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The  mixing  chamber  located  immediately  above  the  engine  con- 
sisted of  4!/2  feet  of  6-inch  pipe  covered  with  magnesia  lagging.  A 
4-inch  perforated  pipe  closed  at  the  end  projected  up  into  this  mixer 
and  caused  any  condensed  steam  present  to  be  separated  and  held  at 
the  bottom  of  the  chamber  until  drawn  off  at  the  end  of  the  test. 

Regulation  of  the  steam  pressure  was  effected  by  means  of  a 
throttle  valve  located  in  the  steam  main  several  feet  from  the  engine 
and  compressor.  To  make  it  possible  for  the  operator  of  the  valve 
to  be  near  the  engine  a  rope  and  pulley  arrangement  was  used.  The 
flow  of  air  was  regulated  by  a  throttle  valve  placed  between  the  first 
receiver  and  the  Venturi  meter. 

A  thermometer  cup  was  inserted  in  the  elbow  where  the  air  left 
the  second  receiver  and  entered  the  heater.  It  is  probable  that  the 
air  at  that  point  was  always  saturated,  and  from  the  observed  tem- 
perature the  amount  of  water  vapor  carried  by  the  air  to  the  mixing 
chamber  was  computed. 
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APPENDIX  B 

Calibration  of  Apparatus 

The  thermometers  used  in  these  tests  were  calibrated  by  com- 
parison with  standard  thermometers  having  certificates  of  recent  date 
from  the  Physikalisch-Technische  Reichsanstalt  or  Bureau  of  Stand- 
ards. A  water  bath  heated  by  steam  was  used  for  temperatures 
below  200  degrees  Fahrenheit.  For  higher  temperatures  an  oil  bath 
was  used  in  which  the  oil  was  heated  by  means  of  an  electric  current 
and  was  vigorously  stirred  by  a  motor-driven  agitator.  Thermometers 
which  proved  to  be  in  error  more  than  half  of  a  degree  in  the  range 
over  which  they  were  to  be  used  were  kept  for  emergencies,  and  the 
most  nearly  accurate  of  the  remainder  were  assigned  to  positions 
where  accuracy  was  of  the  greatest  importance. 

The  pressure  gages  were  tested  by  means  of  a  Crosb.y  gage  tester, 
and  adjusted  to  read  as  nearly  correctly  as  possible  over  the  whole 
range,  and  at  the  same  time  to  give  exact  readings  at  the  pressures 
which  they  were  to  indicate  during  the  tests.  Standard  test  gages 
graduated  to  one  pound  were  used  to  measure  pressures  at  the  throttle 
and  at  the  up-stream  side  of  the  Venturi  meter. 

Tabor  outside-spring  indicators  were  used  after  being  tested  for 
accuracy  in  the  usual  manner.  The  springs  were  calibrated  cold  by 
means  of  the  Crosby  gage  tester,  the  indicator  itself  being  attached 
by  special  fittings.  The  springs  were  distinguished  from  each  other 
by  punch  marks,  and  each  spring  was  kept  on  the  indicator  with  which 
it  was  calibrated.  Sixtj'-pound  springs  were  used  throughout  the 
tests. 

The  accuracy  of  the  scales  used  with  the  Prony  brake  and  of 
those  for  weighing  condensate  was  checked  by  means  of  standard 
test  weights.  The  tare  due  to  the  brake  arm  was  found  by  balancing 
the  scale  beam  when  the  brake  wheel  was  turned  slowly,  first  one  way 
and  then  the  other,  and  by  averaging  the  net  readings.  A  known 
weight  used  to  hold  down  the  brake  arm  was  deducted  from  each 
reading.  The  tare  of  the  brake  plus  the  weight  of  the  pedestal  gave 
the  total  tare  of  the  brake  scales. 

The  Venturi  meter  used  for  measuring  the  air  under  pressure  had 
been  previously  calibrated  by  John  N.   Vedder  by  comparison  with 
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a  Durley  gage  box  and  standard  orifices.  Following  the  completion 
of  this  investigation  the  accuracy  of  the  original  method  of  calibrating 
the  meter  was  questioned  and  it  was  therefore  recalibrated  by  C.  Z. 
Rosecrans  during  the  fall  of  1921,' using  the  air  weighing  plant  in- 
stalled in  connection  with  the  calibration  of  air  measuring  devices 
employed  in  the  research  work  on  warm  air  furnaces  and  heating 
systems.*  It  was  found  that  the  original  correction  factor  was  3 
per  cent  too  low.     Fig.  29  shows  the  curve  of  correction  factors  ob- 
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Fig.  29.     Correction  Factors  for  Venturi  Meter  Formula 


tained  by  Rosecrans  to  be  applied  to  the  results  given  by  the  regular 
Venturi  meter  formula  for  any  value  of  W  thus  obtained.  The 
formula  in  one  of  its  various  forms  is 


i 


\p 


■) 


k—l 

k 


in  which 


'-©'(gr 


W  =  weight  of  air  per  second  flowing  through  the  tube, 

Ft  =  area  of  throat  of  tube  in  square  feet, 

Fi  =  area  of  up-stream  section  of  tube  in  quare  feet, 


*  Univ.  of  111.  Eng.  Exp.  Sta.,  Bui.  No.  120,  p.  81. 
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T0  =  492  degrees  absolute  in  Fahrenheit  units, 
P0  =  2116  pounds  per  square  foot, 
g     =  acceleration  due  to  gravity, 

c 
k    =  —    the  ratio  of  the  specific  heats  at  constant  pressure 

and  constant  volume, 

do   =  density  of  the  air  in  pounds  per  cubic  foot  at  P0  and  T0, 

Pi  =  pressure  in  pounds  per  square  foot  at  entrance  to  the 
tube, 

Pi  =  pressure  in  pounds  per  square  foot  in  the  throat  of 
tube, 

Ti  =  absolute  temperature  of  air  flowing,  in  degrees  Fahren- 
heit. 

The  use  of  this  formula  involves  laborious  calculations  which 
may  be  greatly  simplified  for  a  particular  tube  through  the  aid  of 
graphical  charts.  G.  B.  Upton*  simplified  the  formula  without  ma- 
terially impairing  its  accuracy  by  expanding  it  according  to  the 
binomial  theorem  and  dropping  the  smaller  terms.  Depending  upon 
the  accuracy  desired  three  equations  may  thus  be  secured,  as  follows : 

(a)  *-&(*£*)' 

in  which 

A  P  =  Pi  -  Pi 

( 2g80  T0         )  i 

Ci  =  P2 


3  + 

C2  = 


>4-(£)1 


I/,- 


b-m 


*  The  Sibley  Jour.  Eng.,  v.  29,   pp.   33   and  90. 
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C, 


0+5(^-m+S20k+*0k 


96fc2 
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The  relative  accuracy  of  these  three  expressions  is  as  follows 


Formula 

(a) 
(b) 
(c) 


AP   , 
Upper  limiting  value  of  —^ —  for  an  error  not  exceeding 


0.1    PER    CENT 

1.0   PER   CENT 

0.002 

0.015 

0.05 

0.25 

0.25 

Never   happens 
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APPENDIX  C 

Numerical  Computations 

The    following   Venturi   constants    were   used    in   the   numerical 
computations : 

Up-stream  diameter  =  2.5  inches 

Throat  diameter  =  0.75  inch 

Area  of  up-stream  section  =  0.0340882  square  feet  =  h\ 

Area  of  section  at  throat  =  0.003068  square  feet  =  F2 


m  -  ° 


00S1003 


k   =1.405 
20  =  64.32 

50  =  0.0807  for  dry  air,  and  0.0802  for  saturated  vapor  mixture 
T0  =  492  degrees  absolute  Fahrenheit 

P0=2116  pounds  per  square  foot   (standard  atmospheric  pres- 
sure) 
By  substitution  of  these  data  in  the  equations  for  the  Venturi 
meter  constants,  the  numerical  values  were  found  to  be : 
C1  =  0.003374  (considering  saturated  vapor  mixture) 
C2  =  0.53962 
C3  =  -  0.13915 
The  portion  of  equation    (c),  Appendix  B,   involving  the  term 

C3 1  -p—  J  was  in  every  case  too  small  to  be  considered;    so  equation 

(b)  was  used  except  for  cases  where  the  value  of  AP  was  extremely 
small,  when  equation  (a)  applies  without  appreciable  error. 

When  the  readings  of  Venturi  head  in  inches  of  mercury  were 
reduced  to  equivalent  pounds  per  square  foot,  it  was  found  to  be 
unnecessary  to  make  corrections  for  slight  changes  in  the  temperature 
of  the  mercury,  because  the  effect  of  this  correction  is  inappreciable 
in  the  final  results.  For  this  reason  the  equivalent  pressure  of  one 
inch  of  mercury  at  62  degrees  Fahrenheit,  equal  to  70.5  pounds  per 
square  foot,  was  used  throughout  the  tests. 
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The  engine  constants  used  were  as  follows : 

Diameter  of  piston  =  8.0  inches, 

Diameter  of  piston  rod  =  1.875  inches, 

Piston  area  head  end  (Ax)  =  50.2655  square  inches, 

Piston  area  crank  end  (A2)  =  47.5043  square  inches, 

Stroke  (L)  =  18.05  inches, 

Brake  arm  length  (6)  =5.25  feet, 

B.h.p.  =^M=0.001(?iV, 

PL  A  N 
P"   =      33000    ' 

I.h.p.  head  end  =  0.00229114  P  N, 
I.h.p.  crank  end  =  0.0021653  P  N ; 
in  which 

G  =  weight  at  end  of  brake  arm  in  pounds, 
N  =  revolutions  per  minute, 
P  =  mean  effective  pressure. 
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APPENDIX    I) 
History  of  the  Stud?   of   Air-Steam   Mixtures 

Early  Appreciation  of  Advantages  of  Air-Steam  Mixtures 

The  use  of  air  and  steam  combined  as  a  medium  for  developing 
power  is  not  of  recent  origin.  The  value  of  air  in  preventing  rapid 
condensation  of  steam  -was  known  by  Savory  and  other  scientists 
before  1800  and  was  utilized  by  them  in  the  operation  of  water  pumps 
by  interposing  a  layer  of  air  instead  of  a  piston  between  the  steam  and 
the  water. 

Reports  of  the  United  States  Patent  Office  show  that  during  the 
past  century  attempts  have  been  made  to  patent  an  air-steam  engine 
and  that  several  patents  have  been  granted.  Very  few.  however, 
have  been  given  prominenee  by  means  of  discussion  in  engineering 
literature.  George  H.  Babcoek,  in  a  paper  entitled  "Substitutes  for 
Steam"  presented  to  the  American  Society  of  Mechanical  Engineers 
in  1885-6,*  reviewed  the  various  attempts  to  establish  the  use  of  this 
novel  means  of  driving  prime  movers. 

In  1872  W.  J.  M.  Rankinef  published  an  article  entitled  "Re- 
marks on  the  Theory  of  Air  and  Steam  Engines.*"  in  which  he  pointed 
out  that  the  air  has  a  tendency  to  increase  the  efficiency  of  the  mixture, 
independently  of  any  addition  of  heat,  by  widening  the  working 
temperature  limits  of  the  steam. 

In  187:!  Osborne  Reynolds.!  Fellow  of  Queen's  College.  Cam- 
bridge, England,  made  an  investigation  to  ascertain  the  effect  of  a 
small  quantity  of  air  on  the  power,  of  a  cold  surface  to  condense 
steam.  The  apparatus  employed  consisted  of  a  glass  flask,  in  which 
a  surface  condenser  was  formed  by  a  copper  pipe  passing  in  and  out 
through  the  cork.  The  pipe,  which  was  kept  eool  by  a  stream  of 
water,  was  arranged  so  that  all  the  condensate  discharged  from  it  in 
drops  which  could  be  counted.  Reynolds  reached  the  following  con- 
clusions : 


*  Trans.  A.   S.   M.   E.,   v.   7.    pp.   080   ami   7;iS,    188G. 

t  Tbe  Engr.  (London),  v.  34,. p.  293,  Nov.  1;    p    348,  Nov.  22;    p.  381,  Dei     6;    p     181. 
Dei     27;    1872. 

t  Eng.    (London),   v.    L6,    p    283,   Oct.   ::.    L873. 
Phil.    Mag.,    v.    17.    L874 
Jour.    Franklin    I n>i ..  v     121,   ]■.  401,   June,    L886. 
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(1)  A  small  quantity  of  air  in  steam  greatly  retards  con- 
densation upon  a  told  surface.  On  the  other  hand,  there  is  no 
limit  to  the  rat.-  at  which  pure  steam  will  condense  except  the 
power  of  the  surface  to  carry  off  the  heat. 

(2)  The  rate  of  condensation  diminishes  rapidly  and  nearly 
uniformly  as  the  pressure  of  the  air  increases  from  2  to  10  per 
cent  of  that  of  the  steam.  It  then  diminishes  less  and  less  rapidly 
until  a  pressure  of  30  per  cent  of  that  of  the  steam  is  reached, 
when  the  rate  of  condensation  remains  nearly  constant. 

(3)  In  consequence  of  this  effect  of  air  the  necessary  size 
of  a  surface  condenser  for  a  steam  engine  increases  very  rapidly 
wTith  the  quantity  of  air  allowed  within  it. 

(4)  If  air  is  mixed  with  steam  before  it  is  used,  the  con- 
densation at  the  surface  of  a  cylinder  may  be  greatly  diminished, 
and  consequently  the  efficiency  of  the  engine  is  increased. 

(5)  The  maximum  effect  in  diminishing  condensation  will 
be  obtained  when  the  pressure  of  the  air  is  about  one-tenth  that 
of  the  steam,  or  when  about  2  cubic  feet  of  air  at  atmospheric 
pressure  and  with  a  temperature  of  60  degrees  Fahrenheit  are 
mixed  with  each  pound  of  steam. 

The  most  potent  cause  of  the  reduced  condensation  of  steam 
when  mixed  with  air  is  the  separation  of  the  molecules  of  the  steam 
by  the  molecules  of  the  air.  Evidently  there  can  be  no  condensation 
of  the  steam  unless  its  molecules  coalesce ;  furthermore,  the  steam 
when  mixed  with  air  is  converted  into  superheated  steam,  and  there- 
fore recedes  from  the  condensation  point. 

According  to  Dr.  A.  Stodola,*  the  Physicist  Pictet  suggested  the 
use  of  heated  compressed  air  mixed  with  steam  to  lower  the  tem- 
perature drop  of  a  non-condensing  steam  engine.  Pictet  concluded 
that  the  steam  consumption  of  a  non-condensing  engine,  operated 
with  an  air-steam  mixture  of  about  2  to  1,  would  approach  nearly 
that  of  a  condensing  engine. 

Attempts  to  Use  Air-Steam  Mixtures  in  Engines 
There   appear   to   be   two   general    classes   of   air-steam   engines 
hitherto  invented,  depending  upon  the  method  of  providing  a  mix- 
ture of  air  and  steam.    In  one  case  the  mixture  is  formed  within  the 


"Steam    Turbines,"    1905    edition,    p.    410. 
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boiler,  while  in  the  other  the  air  and  steam  arc  mixed  at  or  near  the 
engine.    The  first  method  involves  snch  means  as  the  following: 

(1)  Injecting  the  hot  gases  from  the  chimney  or  uptake 
into  the  boiler  under  pressure; 

(2)  Operating  the  furnace  under  a  pressure  sufficiently 
high  to  force  the  gaseous  products  of  combustion  into  the  boiler 
without  further  compression ; 

(3)  Forcing  air  into  the  boiler  to  mix  with  the  steam. 

By  any  one  of  these  means  energy  is  required  to  pump  or  inject  the 
air  or  gases  into  the  high  pressure  steam.  The  device  used  for  this 
purpose  has  been  an  injector,  a  pump  connected  to  the  engine,  or  a 
pump  driven  independently. 

The  first  of  the  various  attempts  to  use  the  products  of  combustion 
mixed  with  steam  which  received  the  attention  of  the  engineering 
profession  was  an  invention  by  Minus  Ward*  of  Baltimore.  Similar 
inventions  appeared  from  time  to  time  but  no  practical  application  was 
made  until  1856,  when  a  large  locomotive  constructed  upon  this  prin- 
ciple was  tried  on  the  Erie  Railroad.  Owing  to  the  deleterious  effect  of 
the  ashes  and  intense  heat  on  the  cylinder  walls  of  the  engine,  the  test 
failed.  The  theoretical  aspects  of  an  engine  of  this  design  are  inter- 
esting, and  they  show  the  efficiency  which  might  be  attained  if  it  were 
possible  to  overcome  the  practical  operating  difficulties.  The  theo- 
retical efficiency  of  such  an  engine  was  studied  in  detail  by  J.  A. 
Henderson  for  his  graduation  thesis  at  Stevens  Institute  in  1873. 
The  thesis  was  published  by  Professor  Thurston  in  his  report  on 
"Mechanical  Engineering  at  the  Vienna  Exposition  in  1873,"  and 
printed  in  abridged  form  in  the  Journal  of  the  Franklin  Institute  in 
1874. f  The  following  were  Henderson's  conclusions  concerning  the 
most  advantageous  use  of  mixed  air  and  steam  in  engines  utilizing 
the  entire  products  of  combustion. 

(1)  When  a  moderate  value  for  the  initial  temperature  of 
the  mixture,  tx,  is  required  in  order  to  avoid  making  provision 
against  the  effects  of  heat,  comparatively  high  initial  pressure,  pv 
and  as  small  a  supply  of  air,  N,  as  possible  are  the  most  advan- 


*  "Account  of  a  New  Steam  and  Heated  Air  Engine,"  Jfcur.  Franklin  Inst.,  v.  4,  p.  49, 
1827. 

t  Henderson,  J.  A.  "The  Theory  of  Aero-steam  Engines,"  Jour.  Franklin  Inst.,  v.  98, 
pp.    17,   103,    and    185,    1874. 
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tageous  conditions  for  yielding  the  highest  efficiency  consistent 
with  the  given  temperature,  in  addition  to  high  mean  effective 
pressures,  with  moderate  size  of  pump. 

When  the  initial  temperature  is  high,  there  are  two  additional 
cases. 

(2)  The  retention  of  a  high  mean  effective  pressure  and  a 
small  pump  with  the  maintenance  of  high  efficiency  demand  that 
the  initial  pressure  of  the  mixture,  p1}  remain  high  and  that  the 
supply  of  air,  N,  he  kept  at  a  minimum.  This  case  is  equivalent 
to  the  preceding  one  except  that  the  temperature,  tx,  is  raised. 

(3)  If  the  highest  efficiency  is  required,  at  the  expense  of 
an  increased  bulkiness  of  the  engine,  the  initial  pressure  of  the 
mixture,  plf  may  be  reduced  and  the  supply  of  air,  N,  increased. 

A  scientific  investigation  to  determine  the  practicability  of  utiliz- 
ing the  products  of  combustion  mixed  with  steam  was  undertaken  by 
C.  M.  Garland  in  the  Mechanical  Engineering  Laboratory  of  the 
University  of  Illinois  from  1905  to  1907.  The  "constant  pressure 
generator"  devised  for  this  investigation  used  liquid  fuel,  which  of 
course  gave  no  trouble  from  ash.  Difficulties  arose,  however,  to  make 
the  tests  incomplete.  A  preliminary  report  of  this  work  appeared  in 
The  Engineering  Magazine  for  August,  1906.  The  results  of  the 
tests  and  an  analysis  of  the  investigation  are  on  file  in  the  laboratory, 
but  they  were  not  considered  sufficiently  complete  for  publication. 

The  plan  of  providing  a  mixture  by  forcing  high  temperature  air 
into  the  boiler  from  coils  of  pipe  in  the  hot  flue  was  given  a  great  deal 
of  publicity  about  1870.*  There  seems  to  be  some  contention  as  to 
the  originator  of  this  plan,  but  George  Warsop  of  Nottingham,  Eng- 
land, was  active  in  promoting  it  as  his  and  it  became  generally  known 
as  " Warsop 's  System."  The  plan  was  brought  to  the  attention  of 
the  British  Association  in  1869  by  Richard  Eaton,  who  presented 
a  paper  on  the  subject  a  few  months  later  to  the  Institution  of  Mechan- 
ical Engineers  at  Birmingham.     Economy  tests  were  reported,   all 

*  Eng.  (London),  v.  7,  p.  408,  June  18,  1869:  v.  8.  p.  122,  Aug.  20,  1869;  p.  144. 
Aug.  27,  1809:  v.  9,  p.  78,  Feb.  4,  1870;  p.  260,  April  15,  1870:  v.  14^  p.  92',  Aug.  9, 
1872:  v.  16,  p.  283,  Oct.  3,  1873. 

The  Engr.,  (London)),  v.  34,  p.  348,  Nov.  22;  p.  381,  Dec.  6;  p.  431,  Dec.  27;  1872: 
v.  36,  p.  222,  Oct.  3;  p.  258,  Oct.  17;  p.  273,  Oct.  24;  1873. 

Van  Nostrand's  Eclectic  Eng.  Mag.,  v.  2,  Aug.,   1869;    Dec,   1869:    v    9    p    547    Dec 
1873. 

Proc.  Inst.  M.  E.,  1870,   p.  229. 
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of  which   indicated  wonderful  results  in  favor  of  the  "system"  as 

suggested  by  the  following  data  : 

Air  and  Steam  ...             , 

Even  pressure  trial                                                 combined  8team  ""'>' 

(Joal  consumed 112  lb.  112  lb. 

Weighl   of   brake 120  lb.  120  lb. 

Duration  of  experiment 153  min.  112  min. 

Rev.  of  brake 15433  total  10500  total 

R.p.m.    of    brake 101  93.75 

Gross  h.p.  of  useful  work 972.55  661.79 

Water  evaporated 93.75    gal.  68.75  gal. 

Weighl  of  fire  left  in  furnace     ....       53.5  lb.  34  lb. 

( tpen   valve  trial 

Coal   consume.! 140  lb.  140  lb. 

Weight   of   brake 120  1b.  120  lb. 

Duration  of  experiment 2.'U  min.  19<i  min. 

Rev.  of  brake 22815   total  17s25  total 

R.p.m.    of    brake 97.5  90.94 

Gross   h.p.   of   useful    work 1428.05  1115.7 

Water  evaporated 131.25  gal.  112.5   gal. 

Weight  of  fire  left  in  furnace      ....  43  lb.  l's.25  lb. 

The  gain  in  power  in  the  even  pressure  trial  by  using  air  and  strain 
combined  was  47  per  cent,  in  the  open  valve  trial  28  per  cent.  Tests 
in  two  different  ships  showed  a  saving  of  27  per  cent  and  30  per 
cent  respectively  in  fuel  consumption  because  of  the  air  injection. 
Later  tests  with  stationary  apparatus  gave  results  as  follows.  The 
fuel  consumption  of  a  Nottingham  boiler  per  horse  power  per  hour 
with  steam  alone  was  5.53  pounds  while  with  air  injection  the  fuel 
consumption  was  3.40  pounds — a  saving  of  38  per  cent.  With  a 
London  boiler  using  steam  alone  the  fuel  consumption  was  5.88 
pounds,  and  with  air  injection  it  was  4.72  pounds — a  saving  of  20 
per  cent.  Other  brake  lests  showed  gains  of  24.5  per  cent  at  a  speed 
of  117  revolutions  per  minute,  and  33.5  per  cent  at  a  higher  speed. 
Warsop's  system  was  finally  adopted  by  the  Lancashire  and  York- 
shire Railway,  and  also  installed  successfully  in  several  vessels.  It 
was  reported  that  10  or  12  per  cent  of  air  in  the  mixture  gave  the 
best  results.  The  principal  advantages  claimed  for  the  system,  apart 
from  those  which  might  result  from  mixing  air  and  steam,  were 
increased  boiler  efficiency  from  agitation  ami  from  better  circulation 
of  the  water,  and  prevention  of  incrustation  and  priming. 
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The  second  plan  of  providing  a  mixture  for  air-steam  engines,  that 

of  introducing  the  air  after  the  steam  lias  left  the  boilier.  was  de- 
scribed by  William  H.  Shock,  Chief  Engineer,  IT.  S.  N.,  in  a  paper 
published  in  the  Journal  of  the  Franklin  Institute  in  1854.*  The 
engine  was  invented  by  William  Mount  Storms  of  New  York,  and 
was  commonly  called  ''Storms'  ('loud  Engine."!  Air  compressed  to 
approximately  18  pounds  pressure  was  admitted  to  the  cylinder  a1  the 
beginning  of  the  stroke  for  about  1.5  inches  of  piston  Travel ;  then 
steam  at  80  pounds  pressure  was  admitted  during  the  next  '2  inches 
of  piston  Travel,  when  communication  to  the  cylinder  was  closed  and 
the  mixture  expanded.  The  test  reported  shows  an  increase  inpower 
due  to  mixing  of  more  than  50  per  cent.  In  the  light  of  present 
knowledge,  however,  some  of  the  statements  made  regarding  the 
operation  of  the  engine  lead  one  to  discredit  this  report. 

Certain  experiments  by  T.  MeDonough  of  New  York,  pertaining 
To  The  effecT  of  mixing  air  with  low-pressure  steam,  were  reported  in 
1865  by  the  Journal  of  The  Franklin  Institute.!  Steam  was  generated 
in  a  small  boiler  and  allowed  to  escape  tli rough  ;i  nozzle  and  To  strike 
upon  the  fan  of  a  small  air  mill.  The  quantity  of  steam  used  in  a 
given  time  and  The  speed  of  rotation  produced  were  noted;  Then  air 
under  moderate  pressure  was  allowed  To  flow  from  a  gas  holder  into 
the  rear  of  the  jet  and  to  issue  with  The  steam.  From  the  amount 
of  air  added  and  The  rotative  speed  id'  the  mill  it  was  found  That  The 
addition  of  about  one  parT  of  air  To  ten  parts  of  steam  would  increase 
the  number  of  revolutions  of  the  mill  by  one-fourth.  It  was  suggested 
as  an  explanation  that  "the  introduction  of  cold  air  might  condense 
some  of  the  steam,  so  causing  it  to  be  projected  in  liquid  drops  against 
the  wheel,  by  which  means  its  motive  power  would  be  more  efficiently 
applied  Than  when  iT  issued  as  an  expanding  and  diffusable  vapor." 

At  about  the  same  time  facts  similar  to  those  just  given  were  ob- 
served m  connection  with  the  operation  of  a. small  steam  turbine, §  by 
R,  E.  Rogers  of  the  University  of  Pennsylvania. 

Early  in  1867  There  appeared  an  announcement  of  l'arker's  steam 
and  air  engine."     In  this  device  heated  air  was  injected  or  drawn  into 


*  "Notes   on    the   Cloud   Combination    of    Steam    and    Air,"    Jour.    Franklin     Inst.,    v.    58, 
p.    342,    1854. 

t  Jour.  Franklin  Inst.,  v.  60,  p.  81,  1855;    Eng.   (London),  v.   S,  p.  258.  Oct.  15,   1869. 

t  Jour.  Franklin  Inst.,  v.  80,  p.  282,  1865. 

§  London  Mech.  Mag.,    p.   7,   Jan.,    1865. 

i  Eng.    ^LondonV   v.  :!,   p.  61.   Jan.   18,    1867. 
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the  steam  pipe  by  specially  designed  nozzles  and  receiving  cones; 
consequently  the  mixture  reached  the  engine  a1  a  reduced  pressure, 
aboul  one-third  of  the  boiler  pressure.  The  tests  reported  did  not 
include  data  on  fuel  consumption;  hence  no  really  convincing  tesl 
results  were  presented;  furthermore,  it  is  difficult  to  conceive  any 
increase  in  efficiency  or  economy  by  using  such  a  method. * 

Nineteen  years  later  there  appeared  in  the  "  Engineer  "t  a  si 
men!  concerning  experiments  on  Parker's  engine  which  extended  over 
a  period  of  two  days.  During  the  firsl  day  tests  were  made  with  steam 
used  as  the  medium  and  on  the  second  day  with  air  injected  into  the 
•-Irani  pipe.  The  consumption  of  fuel  per  horse  power  hour  was 
practically  the  same  for  all  tests.  A  detailed  report  of  these  tests 
could  not  he  found. 

In  1885  experiments  were  made  bj  Zeller  and  1 1 u : 1 1  ±  at  the  New 
York  Navy  Yard  for  the  purpose  of  ascertaining  how  much  economic 
gain,  if  any.  resulted  from  the  use  of  a  mixture  of  saturated  steam  and 
of  compressed  air  in  a  non-condensing  engine,  the  air  being  at  the 
pressure  of  the  steam  and  containing  the  heal  of  compression.  The 
air  cylinder  and  the  steam  cylinder  were  in  tandem.  Compression  of 
the  air  started  when  the  steam  cylinder  began  to  take  -team:  >-i,n- 
sequently  the  air  pressure  was  at  its  minimum  when  admission  to 
the  steam  cylinder  took  place.  Thus  no  air  could  enter  the  steam 
cylinder  until  the  pressure  of  the  air  became  greater  than  thai  of 
the  steam  when  further  increase  in  air  pressure  caused  the  exclusion 
of  the  steam.  It  is  reasonable  to  conclude,  therefore,  that  this  engine 
was  not  operated  by  a  mixture  of  stea  n  and  compressed  air,  but  rather 
by  steam  and  compressed  air  used  successively  and  separately.  He- 
cause  of  this  fad  the  data  secured  from  these  experiments,  which 
show  practically  no  difference  in  power  produced  by  using  steam 
alone  and  by  using  steam  and  air  combined,  are  not  conclusive  for 
intimately  mixed  air  and  steam. 

Andrew  Jamieson§  at  a  meeting  of  the  Institution  •  >!'  Engineers 
ami  Shipbuilders  held  in  Scotland,  on   April  30,  1895,   v<-<\>\  a   paper 


*  The   Engr.    (London),   v.   29,   p.  28L    Maj      (i ;    v.   30,   v.   249,    Oct.    T.    1870.  1. 

p.  1,  Jan.  C;    p.    is.  Jan.  20;    p.  59,  Jan.  27;    1871. 

Van    Nostrand's    Eclectic    Eng.    Mag.,    v.   :i.    p.    ls."i    Julj      1870. 

t  The   Engr.   (London),  v.  61,  p.  506,  June  25,   1886. 

t  Jour.   Franklin    Inst.,   v.    121,    p.   401,   June,    1886.      Zeitschrift    des    Yereines   deulseher 
Ingenieure,   v.   31,    p.   284,   April  2,    1887. 

§   Trans.,   Inst,  of  Eng.   and  Shipbuilders  in  Scotland,   v.  38,   p.  291,    1894-5. 
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entitled  "A  New  Departure  in  Steam  Engine  Economy,  with  a  De- 
scription and  Tests  of  Field's  Combined  Steam  and  Hot  Air  Engine." 
The  tests  of  this  engine  showed  a  saving  of  40  per  cent.  A  hot  air  pipe 
was  connected  to  the  jacket  and  to  each  end  of  a  single  cylinder  non- 
bondensing  engine.  The  air  was  forced  through  a  series  of  heating 
pipes  iu  the  main  flue  by  means  of  a  Roots  blower  which  was  driven 
by  the  engine.  Admission  of  air  took  place  automatically  as  soon 
;is  the  exhaust  steam  began  to  escape,  and  continued  until  compression 
commenced  late  in  the  stroke.  This  hot  air  arrangement  undoubtedly 
diminished  or  prevented  cylinder  condensation;  the  results  show  a 
remarkably  low  steam  consumption,  18.6  pounds  per  horse  power'  per 
hour  for  an  engine  of  the  type  used.  They  also  show  only  slightly 
higher  consumption,  21.4  pounds,  at  low  load.  The  results  expressed 
in  terms  of  brake  horse  power,  24.26  at  normal  load,  and  37.9  at 
quarter  load,  are  not  so  striking  probably  because  of  the  inefficiency 
of  the  engine  and  of  the  blower. 

A  recent  attempt  to  produce  an  air-steam  engine  was  made  by  E. 
J.  Christy  of  Waterloo,  Iowa.*  The  engine,  rated  at  301)  horse  power, 
was  constructed  by  the  Vilter  Manufacturing  Company  of  Milwaukee. 
"Wisconsin.  A  five-hour  economy  test  was  reported,  in  which  the 
steam  used  per  hour  was  26. 35  pounds  per  horse  power  at  an 
average  of  66.6  horse  power.  Christy  used  a  scheme  of  operating  the 
engine  on  a  four-stroke  cycle  principle,  the  first  two  strokes  before 
admitting  steam  being  occupied  with  taking  in  and  compressing  ;i 
eharge  of  cold  air.  The  heat  of  compression  of  the  air  produced  a 
|tigh  temperature  within  the  cylinder  and  thereby  prevented  initial 
condensation  of  the  steam.  It  is  very  evident  that  the  air  itself  per- 
forms no  useful  work;  therefore  it  is  doubtful  if  any  gain  in  economy 
resulting  from  mixing  would  more  than  compensate  for  the  increased 
power  loss  of  the  two  additional  idle  strokes.  Furthermore,  an  engine 
operated  on  the  principle  of  the  Christy  Engine  would  necessarily 
have  to  be  much  larger  for  a  given  power  and  speed  than  one  using 
steam  alone,  not  only  because  of  the  two  idle  strokes.  bu1  also  because 
of  the  smaller  weight  of  steam  that  can  lie  used  when  the  clearance 
space  is  full  of  air. 

An  engine  working  on  the  same  principle  as  the  Christy  Engine 
was  patented  by  G.  Schimmingf  in  Germany  several  years  prior  to 

*  "The  Christy  Air-Steam  Engine,"  Power,  v.  :'.4,  p.  382,  Sept.  5;  p.  523,  Oct.  3;  p. 
603,   Oct.   17;     1911. 

t  Zeitschrift  des  Vereines  deutscher  Ingenieure,   v.  30,  p.   V64,   Oct.   30,    1*66. 
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the  announcement  by  Christy.  The  patent  was  acquired  by  the 
Aetien-Gesellschafl  fur  Eisengiesserei  und  Maschinenfabrication, 
formerly  J.  T.  Freund  &  Co.  of  Charlottenburg,  and  an  engine  was 

built  and  tested  in  1886  or  1887.  No  data  of  tests  made  on  this  engine 
are  available,  but  it  is  stated*  that  it  proved  a  failure  because  of  the 
enormous  steam  consumption  and  the  Large  amount  of  water  exhausted 
with  the  steam  and  air  mixture. 

An  interesting  hut  indirect  applicati f  the  use  of  an-  ami  steam 

together  is  found  in  a  hoisting  engine  I'm'  handling  the  skip  in  a 
single  shaft  .'J700  feet  deep  at  the  Franklin  Junior  Copper  Mine  a1 
Boston,  Michigan, t  This  engine  was  conceived  by  K.  M.  Edwards, 
Genera]  Manager  of  the  Franklin  Mining  Company,  and  was  built 
by  the  Nordberg  Manufacturing  Company.  The  air  cylinders,  36 
inches  in  diameter,  are  in  tandem  with  the  steam  cylinders,  46  inches 
in  diameter,  the  stroke  being  1'2  inches.  The  valve  controls  are  ar- 
ranged to  make  the  air  cylinders  inoperal  ive  during  the  hoist  ing  period 
and  to  make  the  steam  cylinders  ineffective  during  the  return  of  the 
skip.  The  degree  of  compression  in  the  air  cylinders  regulated  by  the 
operator  controls  the  speed  of  the  descending  skip.  There  are  three 
large  receivers  in  which  all  the  air  eompressed  by  the  machine  is  mixed 
with  the  steam  from  the  boilers.  The  mixture  is  then  used  in  the 
steam  cylinders  during  the  hoisting  period.  A  reducing  valve  in 
the  steam  supply  pipe  maintains  about  65  pounds  pressure  on  the 
receivers.  During  the  fall  of  the  skip  the  pressure  in  the  receivers 
increases  to  approximately  95  pounds  by  the  addition  id'  compressed 
air,  which  is  sufficient  to  lift  the  hoist  about  1000  feet.  Steam  alone, 
at  a  pressure  of  65  pounds,  then  completes  the  hoisting  period. 


Power,   ^ .  34,   |>.  603,  Oct.   17.    1911. 
t.  Vir-Balanced  Hnistins:  Engine"      Power,  \.    14,  p.  C40.  Nov. 
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A  STUDY  OF  COAL  MINE  HAULAGE  IN  ILLINOIS 

I.     Introduction 

1.  Scope  of  Present  Discussion. — Very  few,  even  of  those  con- 
nected with  the  coal  mining  industry,  appreciate  fully  the  importance 
and  extent  of  the  underground  haulage  problems  in  a  modern  coal 
mine.  The  transition  from  mule  haulage  to  modern  electric  locomotive 
haulage  has  been  so  rapid  that  there  has  not  been  time  for  most  of 
those  engaged  in  operating  mines  to  study  haulage  practice  in  detail 
as  has  been  done  in  connection  with  surface  railroads ;  for  example, 
in  the  tabulation  of  the  ton-miles  performance  per  locomotive  per  day, 
and  similar  statistical  information.  When  one  considers  that  at  a 
large  mine  in  Illinois  6000  or  more  tons  of  coal  per  day  are  hoisted 
in  5-ton  capacity  cars  and  that  1200  or  more  cars  per  day,  or  150 
per  hour,  must  therefore  be  gathered  from  different  parts  of  the  mine, 
concentrated  at  the  shaft  bottom,  loaded  upon  the  cage  over  only  two 
tracks,  hoisted  to  the  surface,  lowered  to  the  shaft  bottom,  and  again 
distributed  to  remote  parts  of  the  mine,  one  realizes  that  here  is  a 
condition  demanding  thought  and  study  if  the  most  effective  operation 
is  to  be  secured  from  expensive  equipment. 

The  coal  mines  of  Illinois  afford  an  unusually  favorable  oppor- 
tunity for  a  study  of  the  haulage  problem,  for  not  only  are  they  the 
largest  in  point  of  output  of  any  coal  mines  in  the  world,  but  there 
are  few  if  any  other  coal  fields  of  equal  size  where  the  operating  con- 
ditions are  so  uniform.  Beginning  with  primitive  methods  and 
equipment,  the  coal  industry  in  the  state  has  grown  steadily  until 
Illinois  ranks  third  in  coal  production  in  the  United  States.  The 
owners  of  the  mines  have  not  only  kept  pace  with  those  of  other 
regions,  but  they  have  in  many  instances  been  pioneers  in  installing 
improved  equipment  such  as  car  lifts,  self-dumping  cages,  and  im- 
provements about  the  shaft  bottom. 

An  effort  has  been  male  in  the  present  bulletin  to  trace  briefly 
the  development  and  history  of  mine  haulage  in  general  and  in 
Illinois  in  particular.  Mine  haulage  practice  and  costs  have  been 
considered  under  the  three  natural  phases  of  shaft-bottom  activities, 
main-line  haulage,  and  gathering;  while  particular  attention  is  called 
to  Tables  4,  5,  7,  and  8  which  give  the  results  of  detailed  studies  in 
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a  number  of  the  large  producing  mines  of  the  state,  that  is,  those  with 
3000  to  6000  tons  per  day  output.  These  mines  were  studied  in 
considerable  detail  and  the  results  as  presented  in  tables  and  graphs 
show  that  there  is  a  wide  diversity  in  the  results  obtained  in  mines 
of  Like  capacity,  with  similar  equipment,  and  operating  under  similar 
natural  conditions.  The  tables  suggest  that  a  more  detailed  study 
of  operating  conditions  in  a  number  of  mines  of  the  state  would  pro- 
duce a  greater  efficiency  in  operation  even  with  the  equipment  already 
installed.  This  applies  not  only  to  the  mechanical  results  obtained, 
as  measured  #by  performance  in  ton-miles  etc.,  but  also  to  the  varia- 
tions in  costs  for  mines  similarly  equipped. 

Approximately  one-seventh  of  all  coal  mining  employees  are 
engaged  in  underground  haulage  duties,  classified  under  46  different 
occupations  on  the  account  books  of  different  companies.  In  the 
present  discussion  of  the  subject,  however,  haulage  is  assumed  to 
stop  when  the  car  is  placed  on  the  cage  to  be  hoisted,  thus  excluding 
hoisting,  although  in  the  matter  of  cost  it  is  not  always  possible  to 
separate  the  hoisting  cost  from  the  haulage.  In  such  cases,  however, 
the  hoisting  cost  is  relatively  small  and  does  not  materially  affect  the 
total  haulage  cost.  Owing  to  the  diverse  accounting  systems  employed 
by  different  companies  it  is  difficult  to  obtain  comparative  data  for 
different  mines,  although  the  owners  of  the  mines  and  the  local  super- 
intendents have  been  most  obliging  in  extending  privileges  for  inves- 
tigating haulage  operations  and  in  supplying  information  relative  to 
operating  costs. 

Every  study  of  an  industrial  problem  should  include  a  con- 
sideration of  the  accidents  connected  with  the  industry;  therefore 
some  discussion  of  accidents  in  mine  haulage,  ba^ed  upon  the  statistics 
given  in  the  Coal  Reports  of  the  Illinois  Department  of  Mines  and 
Minerals,  is  included  in  this  bulletin.  An  analysis  of  these  statistics 
has  been  made  in  the  effort  to  show  the  relation  between  coal  pro- 
duction, number  of  employees,  and  the  number  of  fatalities  due  to 
haulage  operations  among  various  classes  of  mine  employees. 

2.  Acknowledgments. — This  bulletin^is  the  outgrowth  of  a  study 
of  Mine  Haulage  undertaken  as  a  research  problem  under  the  direction 
of  the  Engineering  Experiment  Station  of  the  University  of  Illinois 
by  A.   C.   Callen*   while  Associate  in  Mining  Engineering  at  the 

*  Now  Professor  of  Mining  Engineering,  University  of  West  Virginia. 
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University.  He  prepared  much  of  the  historical  material  and  some  of 
the  statistics  for  accidents  that  occurred  prior  to  1917. 

Upon  the  resignation  of  Mr.  Callen  the  study  was  continued 
under  the  Cooperative  Coal  Mining  Agreement  between  the  Engineer- 
ing Experiment  Station,  University  of  Illinois,  the  United  States 
Bureau  of  Mines,  and  the  Illinois  State  Geological  Survey. 

The  field  studies  of  haulage  operation  were  carried  on  mainly  by 
J.  R.  Fleming,  who,  together  with  A.  J.  Hoskin,  prepared  the  tables 
and  graphs  giving  the  results  of  these  field  studies.  Mr.  Fleming  also 
supplemented  the  studies  of  accidents  made  by  Mr.  Callen.  Final 
arrangement,  checking,  and  editing  of  the  manuscript  was  done  by 
A.  J.  Hoskin  and  H.  H.  Stoek. 

The  authors  gratefully  acknowledge  the  hearty  cooperation  of 
the  owners  and  operating  officials  of  many  of  the  mines  in  the  state 
in  giving  assistance,  not  only  through  replies  to  requests  for  informa- 
tion by  mail,  but  also  in  carrying  on  the  studies  in  the  mines  and  in 
permitting  free  access  to  the  books  of  the  companies  in  order  to 
obtain  costs  of  operation.  They  are  also  indebted  to  J.  J.  Rutledge, 
Superintendent  of  the  Urbana  Station  of  the  United  States  Bureau 
of  Mines,  and  F.  W.  DeWolf,  Chief  of  the  Illinois  Geological  Survey, 
for  suggestions  during  the  progress  of  the  investigation,  and  for  their 
careful  review  of  the  manuscript. 
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II.     Evolution  of  Mine  Haulage 

3.  Early  Practices. — The  primitive  method  of  transporting  ma- 
terial from  underground  mine  workings  was  for  men  to  carry  it  in 
some  form  of  container,  as  a  tray.*  Similar  methods  are  still  used  in 
a  few  places  where  the  natural  conditions  of  the  mineral  deposit  make 
them  necessary,  or  where  they  are  economically  possible,  t  The  intro- 
duction of  wooden  sleds  was  an  improvement  over  carrying.  Such 
sleds,  or  baskets,  provided  with  runners  and  usually  drawn  by  boys, 
were  extensively  used  in  Great  Britain  in  early  coal  mining,  and  are 
still  used  in  thin  seams  where  the  expense  of  taking  down  the  roof 
to  obtain  necessary  head-room  for  cars  is  prohibitive,  t 

The  introduction  of  wheeled  vehicles  was  the  next  advance  step. 
By  using  a  wheelbarrow  heavier  loads  could  be  moved  with  much 
less  exertion  than  by  carrying,  especially  if  a  plank  road  was  used 
instead  of  the  natural  mine  floor.  Although  wheelbarrows  are  still 
used  in  many  ore  mines,  they  are  seldom  found  in  coal  mines. 

The  four-wheeled  truck  or  car  soon  replaced  the  wheelbarrow  for 
general  use.  At  first,  wicker  baskets  or  wooden  tubs  were  loaded  at 
the  face  and  carried  to  the  haulage  road,  but  soon  cars  or  "waggons" 
were  made  of  such  a  size  that  they  could  be  taken  to  the  face.  The 
"buggies,"  still  used  in  Kansas  longwall  mining  for  transporting  the 
coal  from  the  advancing  face  to  the  road-head  where  it  is  transferred 
to  the  regular  mine  cars,  are  illustrated  in  Fig.  l.§  This  buggy  is 
run  along  the  longwall  face  on  eight-pound  steel  rails.  The  track  is 
made  up  in  eight-foot  sections  with  a  curve  section  for  the  road-head, 
so  that  it  can  be  easily  handled. 

In  England  the  term  "tub"  is  still  used  for  a  mine  car  though 
very  few  real  tubs  are  used.  Pushing  cars  by  hand  is  known  as 
"putting"  in  England  and  as  "tramming"  or  "hand  tramming"  in 
the  United  States. 


*  Agricola,   "De  Re  Metallica."      Book  VI,   p.   56,   translated  by   H.   Hoover. 

A.   Pliny    (XXXIII,   21). 
t  Tonge,  J.     "Principles  and  Practice  of  Coal  Mining,"  p.  162,  London,   1906. 
t  Hughes,  H.  W.     "A  Text  Book  of  Coal  Mining,"  p.  224,  London,   1904. 
§  This  photograph  is  furnished  through  the  courtesy  of  C.  N.  Fish,  general  manager  of 
the  Home  Riverside  Coal  Mines  Co.,  Leavenworth,  Kansas. 


Fig.  1.     Wheel  Buggy  in  Kansas  Coal  Mine 
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' '  Cast-iron  tram  plates  were  introduced  in  English  mines  in  1767 
and  were  in  turn  succeeded  by  wrought  iron  rails  and  steel  rails. '  '* 

The  modern  coal-mine  car  bears  little  resemblance  to  the  early 
"tubs."  Samuel  Dean,  an  English  mining  engineer  who  has  written 
extensively  on  the  coal  mines  of  the  United  States,  attributes  the 
larger  output  per  man  in  the  United  States  to  the  larger  capacity  of 
cars  used.t 

4.  Hand  Tramming. — Hand  tramming,  by  which  is  meant  the 
manual  pushing  of  cars  or  trucks,  was  among  the  earliest  systems 
of  transporting  mined  material.  At  present  it  is  used  mainly  in 
coal  mines  of  small  capacity  where  the  working  face  is  not  far  from 
the  shaft  bottom  or  drift  opening,  or  in  places  where  the  height  of 
entry  is  too  small  for  animal  or  mechanical  haulage.  In  some  coal 
mines  miners  push  the  empty  cars  from  a  distributing  parting  to 
the  working  face;  in  others,  though  less  frequently,  loaded  cars  are 
pushed  from  the  face  to  the  parting  where  they  are  formed  into 
trips  for  animal  or  mechanical  haulage.  This  system  requires  suitable 
grades  and  cars  of  such  capacity  that  they  can  be  moved  readily  and 
easily  kept  under  control.  The  amount  of  hand  tramming  in  unionized 
mines  is  generally  stipulated  in  the  agreement  between  the  miner  and 
the  operator. 

5.  Animal  Haulage. — Following  the  enactment  of  a  law  pro- 
hibiting the  employment  of  women  or  of  children  under  10  years  of 
age,  Shetland  ponies  were  introduced  in  English  mines  in  the  year 
1843,  as  substitutes  for  the  putters  employed  in  conveying  the  coal 
from  the  working  face  to  the  main  roads.J  Where  coal  seams  were 
thicker,  horses  were  employed  and  in  England  they  are  still  the 
favorite  animals  for  underground  labor.  In  the  United  States  mules 
are  generally  preferred  to  horses  as  they  are  quicker  and  more  sure- 
footed. Dogs  have  been  used  in  small  Illinois  mines  for  hauling 
coal.  In  one  Ohio  mine  they  are  said  to  have  been  used  for  over 
thirty  years.  Overman,  in  his  "Metallurgy"  published  in  1852,  says 
that  the  dog-cart  was  at  that  time  in  general  use  in  coal  mines  of 
the  western  United  States  and  was  a  most  convenient  vehicle  for 


*  Foster  &  Cox,   "Ore  and  Stone  Mining,"  p.  373. 

t  Trans.  Inst.  Min.  E.  Vol.  50,  p.   179. 

t  R.  L.  Galloway,  "Annals  of  Coal  Mining."    Vol.  2,  p.  344. 
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handling  coal  underground.*     Oxen  have  been  used  for  coal  haulage 
to  a  very  limited  extent. 

Mules,  horses,  and  ponies  are  still  widely  used  in  the  mines  of 
the  United  States.  Although  sometimes  employed  in  main  haulage 
their  chief  use  is  in  gathering  cars  on  short  hauls,  that  is,  in  taking 
the  loaded  cars  from  the  working  face  to  a  parting  where  the  cars  are 
made  into  trips  for  transportation  by  mechanical  means. 

6.  Mechanical  Haulage. — The  principal  forms  of  mechanical 
haulage  now  in  use  are  rope  haulage  and  locomotive  haulage. 

Rope  Haulage 

Rope  Haulage  may  be  divided  into  four  systems :  Engine  Planes, 
Gravity  Planes,  Endless  Rope,  and  Main  and  Tail  Rope. 

An  Engine  Plane  is  an  inclined  plane  up  which  a  load  is  drawn 
by  an  engine  or  motor.  Such  a  plane  may  work  "in  balance," 
the  empty  cars  descending  while  the  loads  are  coming  up,  thus  par- 
tially balancing  the  system  and  reducing  the  load  on  the  engine; 
or  the  system  may  work  "unbalanced,"  in  which  case  the  engine 
simply  draws  the  loaded  cars  up  the  plane  while  the  empty  cars  pull 
the  rope  down  again. 

The  earliest  adoption  of  mechanical  haulage  underground  was 
about  1812  or  1813,  when  George  Stephenson  so  altered  an  under- 
ground engine  at  Killingworth  colliery,  England,  as  to  make  it  haul 
the  coal  up  an  inclined  plane  to  the  shaft,  t  Chains  were  originally 
used  to  haul  the  cars  up.  About  the  year  1841  "the  haulage  of  coal 
by  ropes  was  greatly  facilitated  by  the  introduction  of  light,  round 
iron  wire  ropes,  "f 

A  Gravity  Plane  is  one  of  such  inclination  that  the  loaded  cars 
going  down  the  plane  pull  the  empty  cars  up,  the  inclination  being 
usually  over  20  *per  cent.  Such  planes  are  used  where  the  coal 
must  be  transferred  to  a  lower  level ;  for  example,  in  mountainous 
regions  where  the  mine  openings  are  located  at  elevations  above  the 
tipple,  and  inside  mines  where  the  coal  beds  are  steeply  inclined. 

An  Endless  Rope  haulage  system  has  an  endless  rope  that  is 
operated  continuously  by  a  haulage  engine  at  a  speed  of  usually  two 
to  four  miles  per  hour.     The  cars  are  attached  to  the  rope,  either 

*  Col.  Eng.  Vol.   20,  p.  684. 

t  Galloway,   R.   L.      "Annals  of  Coal  Mining."      Vol.  2,   p.   340. 

t  Galloway,    R.   L       "Annals  of  Coal  Mining."     Vol.  2,  p.  344. 
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singly  or  in  groups,  by  grips  or  clamps  which  can  be  easily  fastened 
to  or  unfastened  from  the  rope.  Two  tracks  are  required,  one  for  the 
loads  and  the  other  for  the  empties.  The  system  is  used  mainly  on 
short  hauls  and  on  steep  pitches  such  as  slope  openings. 

In  the  Main  and  Tail  Eope  system  a  trip  of  loaded  cars  is 
pulled  by  the  main  rope,  a  tail  rope  being  fastened  to  the  rear 
end  of  the  trip  and  dragged  after  it.  At  the  destination  the  ropes 
are  uncoupled  from  the  cars  and  the  tail  rope  is  fastened  to  the  front 
end  of  the  empty  trip  while  the  main  rope  is  fastened  to  the  rear 
end.  The  trip  of  empty  cars  is  then  pulled  in  by  the  tail  rope  and 
the  main  rope  dragged  after  the  trip.  The  speed  of  operation  is 
usually  6  to  10  miles  per  hour.  The  system  is  used  mainly  on  a 
haulage  road  having  undulating  grades. 

Rope  haulage  is  said  to  have  been  introduced  in  the  United 
States  about  1870.* 

Locomotive  Haulage 

The  different  types  of  mine  locomotives  that  have  been  used  are 
steam  locomotives,  compressed-air  locomotives,  gasoline  locomotives, 
and  electrical  locomotives. 

The  exact  date  of  the  first  use  of  steam  locomotives  in  connec- 
tion with  underground  mining  in  the  United  States  is  not  definitely 
known,  but  according  to  E.  B.  Wilson  it  was  prior  to  1870. t 

On  account  of  the  smoke  and  other  products  of  combustion,  such 
locomotives  should  be  restricted  in  their  use  to  the  return  air-ways. 
At  one  time  they  were  extensively  used  in  the  anthracite  region  of 
Pennsylvania  and  from  1883  to  1895  in  the  Pocahontas  region  of 
West  \Tirginia,  but  they  have  never  been  used  in  Illinois.  There  are 
still  a  few  steam  locomotives  used  in  the  Pocahontas  district  at  three 
or  four  of  the  small  mines  where  the  tonnage  remaining  to  be  mined 
does  not  warrant  the  expense  of  a  change  to  electric  haulage.J 

From  1875  to  1895  may  be  called  the  experimental  period  of 
the  compressed-air  locomotive.  Ten  or  twelve  were  built  during 
this  twenty-year  period  and  were  installed  by  operators  who  desired 
a  haulage  system  that  would  eliminate  fire  risk,  be  free  from  the 
dangers   of   electric   wires,   and   be   comparatively   safe   in    a   gassy 


*  Mines  and  Minerals.  Vol.  31,  p.  71. 
t  Mines  and  Minerals.  Vol.  31,  p.  71. 
t  Private  communication,   Lincoln,   J.  J. 
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mine.  In  construction  compressed-air  locomotives  differ  from  steam 
engines  mainly  in  having,  instead  of  a  steam  boiler,  a  large  storage 
tank  which  can  be  charged  with  air  at  a  pressure  of  from  600  to 
1000  pounds  per  square  inch,  and  a  reducing  valve  set  to  supply  air 
to  the  cylinders  at  a  constant  pressure  of  150  pounds.  From  1895 
to  1908  great  improvements  in  design  and  manufacture  were  made, 
and  several  hundred  locomotives  were  furnished  to  mining  companies. 

In  1908  the  first  two-stage  compressed-air  locomotive  was  put 
upon  the  market  and,  in  the  three  years  succeeding,  over  100  were 
built.* 

According  to  the  H.  K.  Porter  Company  of  Pittsburgh,  Penn- 
sylvania, there  were  in  1921  no  compressed-air  locomotives  operating 
in  the  coal  mines  of  the  Mississippi  Valley,  but  in  the  mines  of 
Western  Pennsylvania  and  West  Virginia  the  total  number  was 
about  150. 

There,  are  two  great  advantages  of  compressed-air  locomotives : 
first,  they  are  comparatively  safe  for  use  in  gassy  mines,  and 
second,  they  require  neither  trolley  wire,  nor  rail  bonding. 

On  the  other  hand  they  are  bulky,  and  their  radius  of  operation 
is  limited  by  their  air-storage  capacity.  However,  in  mines  having 
ample  cross-section  of  the  entries  this  is  not  serious  as  tanks  of  a 
capacity  sufficient  for  a  run  of  several  miles  may  be  used. 

The  advantages  of  a  locomotive  carrying  its  own  source  of  power, 
such  as  a  gasoline  locomotive,  are  obvious.  It  was  but  natural  that 
an  attempt  should  be  made  to  use  the  internal-combustion  engine 
for  mining  service  and,  indeed,  before  the  automobile  had  advanced 
much  beyond*  the  experimental  stage,  a  gasoline  locomotive  was  tried 
out  for  hauling  coal. 

Probably  the  first  gasoline  mining  locomotive  made  in  this  country 
was  furnished  in  1898  by  W.  F.  Prouty  of  Philadelphia,  Pennsylvania, 
and  Newark,  New  Jersey,  to  the  St.  Bernard  Mining  Co.  for  use  in  the 
No.  9  mine  at  Earlington,  Kentucky,  t  This  locomotive  was  in  service 
for  a  year,  but  was  never  able  to  pull  a  full  trip  of  loaded  cars  and 
was  finally  scrapped. 

It  is  likely  that  gasoline  locomotives  had  been  in  use  in  Europe 
for  some  years  previous  to  this  date.  In  1899,  in  describing  the 
explosion-proof  gasoline  motors  used  in  the  coal  mines  of  Belgium, 


*  Mines  and  Minerals.     Vol.  31,   p.   365. 
t  Coal  Age.     Vol.  5.  p    9. 
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M.  J.  Kersten  said,  "It  is  only  quite  lately  that  a  locomotive  working 
with  petroleum  has  been  used  in  fiery  mines, '  '*  the  presumption  being 
that  they  had  been  used  for  several  years  in  non-gassy  mines. 

The  first  gasoline  locomotive  used  in  Illinois  was  probably  the 
second  successful  one  in  this  country.  It  was  built  by  the  Sangamon 
Coal  Co.  and  put  in  its  mine  at  Springfield,  1904.  This  crude  machine 
pulled  a  trip  of  seven  to  nine  mine  cars,  each  weighing,  when  loaded, 
4000  pounds.  A  few  locomotives  of  this  type  were  built  in  Chicago 
and  in  St.  Louis  about  1905  or  1906,  but  the  St.  Louis  locomotives 
were  returned  to  the  manufacturers  as  they  cost  more  for  repairs 
than  the  value  of  the  coal  they  hauled.  A  few  gasoline  mine  locomo- 
tives were  made  by  Fairbanks,  Morse  &  Co.  in  1907. t 

In  1909  gasoline  locomotives  were  introduced  into  the  lead  mines 
of  southeastern  Missouri  where  the  Desloges  Consolidated  Co.,  on 
account  of  its  very  excellent  ventilation,  was  able  to  use  them  with 
success,  t  The  George  D.  "WTiitcomb  Co.  shipped  one  to  the  Kolb  Coal 
Co.  of  Mascoutah,  Illinois,  in  1909.  This  locomotive  gave  such  satis- 
faction that  several  more  were  ordered  by  this  company.  In  1910 
it  was  stated§  that  there  were  three  hundred  of  these  locomotives  in 
use  in  all  parts  of  the  world.  In  1915  about  that  number  were  in  use 
in  the  United  States. 

Although  gasoline  locomotives  have  the  great  advantage  of  flexi- 
bility and  cheapness  of  installation,  their  use  underground  has  been 
restricted  because  of  the  possible  danger  from  the  exhaust  gases  and 
from  the  extra  mechanical  attention  necessary  to  keep  them  in  operat- 
ing condition.  Their  use  underground  is  steadily  decreasing ;  storage- 
battery  locomotives  are  replacing  them  to  a  very  great  extent.  Gaso- 
line locomotives  are  restricted  in  their  use  to  main-line  haulage  and 
in  this  to  return  air-ways  only. 

In  1914  the  United  States  Bureau  of  Mines  conducted  an  investi- 
gation into  the  vitiation  of  mine  air  resulting  from  the  use  of  gasoline 
engines.  According  to  the  conclusions  of  the  Bureau,ft  the  ventilating 
current — in  order  to  safely  dilute  the  obnoxious  carbon  monoxide  ex- 
hausted from  a  gasoline  locomotive — should  be  increased  to  the  extent 


*  Eng.  and  Min.  Jour.     Vol.   68,  p.  724. 
t  Illinois  Coal  Mining  Investigations.     Bui.   13,  p.   179. 
t  Eng.  and  Min.  Jour.     Vol.  84,  p.  346. 
§  Mines  and  Minerals.     Vol.   31,   p     30. 

fl  Hood  and  Kudlich,  U.   S.  Bureau  of  Mines.      Bui.   74,   Gasoline  Mine  Locomotives   in 
Relation  to  Safety  and  Health,   p.   7. 
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of  from  2610  to  35  140  cubic  feet  per  minute,  this  additional  volume  of 
air  depending-  upon  the  size  of  the  engine  and  the  thoroughness  of  the 
carburation.  These  figures  are  based  upon  the  dilution  of  the  poison- 
ous gas  to  one  part  in  1000  parts  of  air,  this  quality  of  atmosphere 
being  safe  for  men  and  animals  to  breathe  for  "short  and  infrequent 
intervals"  only.  For  continued  conditions  the  dilution  should  be  to 
not  more  than  one  part  of  the  engine's  exhaust  in  2000  parts  of  fresh 
air.  It  will  be  seen  that  this  feature  of  gasoline  locomotives  is  a  serious 
objection  to  their  use  underground  even  upon  return  air- ways.  In 
the  attempt  to  restrict  the  pollution  of  the  mine  air  experiments  have 
been  made  with  passing  the  engine  exhaust  through  chemical  solutions 
but  the  results  were  unsatisfactory. 

The  first  electric  locomotive  using  current  from  a  dynamo 
was  built  by  Siemens  and  Halske  in  Germany,  and,  at  the  Berlin 
Trade  Exhibition  in  1879,*  was  operated  upon  a  circular  track  about 
1500  feet  long.  The  introduction  of  electric  locomotives  into  mining 
service  followed  almost  immediately,  and  in  1882  the  first  electric 
mine  locomotive  was  installed  in  the  royal  coal  mines  at  Zaukerode, 
Saxony,  t  This  system  of  haulage  was  adopted  by  the  Consolidated 
Paulus  and  Hohenzollern  Collieries  at  Beuthen  in  1883,  and  at  New 
Stassfurt  in  1884.  The  locomotives  were  all  built  by  the  Siemens 
and  Halske  Co.  On  July  26,  1887,  the  Lykens  Valley  Coal  Co.  put 
the  first  electric  mining  locomotive  in  this  country  into  service  at 
the  Short  Mountain  Colliery  at  Lykens,  Pennsylvania.!  This  loco- 
motive had  a  30-horsepower  motor  wound  for  400  volts  direct 
current.  The  conductor  was  a  25-pound  iron  rail  mounted  along 
one  side  of  the  entry,  current  being  taken  off  through  four  contact 
wheels.  The  motor  and  running  gear  weighed  1500  pounds,  but  the 
machine  was  weighted  with  scrap  iron  up  to  7000  pounds.  (See  Fig.  2.) 
It  was  built  by  the  Union  Electric  Co.  of  Philadelphia,  Pennsylvania. 
This  installation  was  the  first  of  any  considerable  size  in  the  world. 
The  Siemens  and  Halske  locomotives  weighed  only  two  tons  each  and 
hauled  a  train  load  of  about  10  tons,  while  the  Lykens  Valley  "Pio- 
neer" hauled  a  load  of  150  tons  at  a  speed  of  six  miles  per  hour 
over  a  road  about  6300  feet  long.    It  was  still  in  service  in  1915.    In 


*  Sprague,  P.  J.,  Elect.  Ry.,  p.  3.     Int.  Eng.  Cong.  1904,  p.  3. 

t  Electric   Locomotives   in   German    Mines.       Karl   Eilers,   Trans.    A.    I.    M.    E.   Vol.    20, 
p.   356. 

t  Col.  Engr.     Vol.   8,    p.    43.      Also   Thesis   of   II.   H.    Stoek. 
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Fig.  2.     First  Electric  Mine  Locomotive  in  United  States 


Fig.   3.     First   Electric   Locomotive   in   Illinois   Mines 


Fig.  4.     Early  Type  Locomotive  Used  at  Centralia,  Illinois,  in  1899 
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1888  the  Jeffrey  Manufacturing  Co.  built  the  first  electric  locomotive 
used  in  a  bituminous  coal  mine  in  the  United  States.  This  installation 
was  in  the  mines  of  the  Upson  Coal  Mining  Co.,  Shawnee,  Ohio. 
Instead  of  a  wire  or  rail  as  a  conductor  two  parallel  1-inch  galvanized 
iron  pipes  were  used.  The  rails  were  not  bonded,  as  one  of  the  pipes 
was  used  for  the  return  circuit. 

The  first  electric  mine  locomotive  installed  in  the  State  of  Illinois 
was  placed  in  the  No.  3  mine  of  the  Chicago,  Wilmington  &  Vermilion 
Coal  Company  at  Streator  in  1888.  This  locomotive,  Fig.  3,  was 
designed  by  Elmer  A.  Sperry  of  the  Sperry  Electric  Mining  Machine 
Company  of  Chicago,  (the  predecessor  of  the  Goodman  Manufac- 
turing Company),  and  was  built  by  that  company.  This  was  an 
experimental  machine  and  was'  provided  with  eight  driving  wheels  and 
a  motor  of  about  30  horsepower.  The  total  weight  of  the  machine 
was  about  six  tons.  Referring  to  this  first  electric  mine  locomotive 
in  Illinois,  C.  A.  Pratt,  Chief  Engineer  of  the  Goodman  Manufactur- 
ing Company,  says :*  "It  was  in  operation  several  months  and  was 
then  replaced  by  a  locomotive  of  somewhat  modified  design  and  of 
greater  weight  and  horsepower.  The  locomotive  which  replaced  it 
had  eight  driving  wheels  distributed  on  two  bogey  trucks.  These 
wheels  were  about  20  inches  in  diameter  and  the  locomotive  was 
designed  to  turn  on  a  curve  of  8  or  9  feet  radius.  The  locomotive 
weighed  about  8  tons  and  was  driven  by  one  60-horsepower  motor,  the 
armature  of  which  was  geared  to  all  of  the  eight  wheels.  A  second 
locomotive  of  the  same  description  was  put  into  the  same  mine  some 
months  later  and  these  two  locomotives  were  operated  for  many  years. ' ' 
As  far  as  can  be  learned  this  installation  at  Streator  was  the  only 
really  successful  one  for  several  years,  though  some  locomotives  had 
been  used  experimentally  at  other  mines.  No  further  introduction 
of  electric  haulage  was  made  in  Illinois  until  1899  when  the  Jeffrey 
Manufacturing  Co.  shipped  an  8-ton  locomotive,  Fig.  4,  to  the  Cen- 
tralia  Mining  and  Manufacturing  Company  of  Centralia,  Illinois. 

The  years  1899  to  1904  may  be  called  the  introductory  period. 
The  increase  in  installations  was  slow  but  steady  so  that  by  the 
close  of  this  period  each  of  the  important  mining  districts  in  the 
state  had  at  least  one  mine  in  which  electric  locomotives  were  being 
used  with  success. 


Private     conimunitiition. 
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The  introduction  of  the  electric  locomotive  and  its  successful 
operation  in  main  haulage  led  to  attempts  to  extend  this  system  to 
gathering  service.  In  early  practice  miners  pushed  their  loaded  cars 
to  the  room  necks  whence  the  cars  could  be  hauled  to  main  partings 
by  trolley  locomotives.  When  rooms  were  driven  to  the  rise  this 
practice  occasionally  involved  accidents  from  runaway  cars.  A  loco- 
motive was  therefore  needed  to  do  such  gathering  safely,  but  of 
a  type  that  required  no  trolley  extensions  into  the  rooms.  In 
response  to  this  need  the  cable  locomotive  was  designed.  Briefly 
defined,  this  locomotive  is  one  that  can  not  only  operate  as  a  trolley 
locomotive  but  also  travel  on  track  not  equipped  with  trolley  wire  by 
taking  its  power  through  a  long  flexible  conductor  or  cable  that  it 
carries  mounted  on  a  drum  or  reel. 

Probably  the  first  successful  cable  locomotive  was  constructed  in 
1900  in  the  shops  of  the  Pocahontas  Consolidated  Collieries  Co.  at 
Pocahontas,  Virginia.*  For  several  years  previous  this  company  had 
been  trying  to  develop  a  storage-battery  locomotive  but  without  suc- 
cess. So,  in  1900,  they  mounted  on  one  of  these  old  locomotive  frames, 
with  the  motor,  a  vertical  cable  reel,  thus,  making  a  very  good  gather- 
ing locomotive  known  later  as  the  "Wampus"  on  account  of  its 
peculiar  appearance.  Since  1900  all  electric  locomotive  manufacturers 
have  constructed  gathering  locomotives,  the  designs  being  generally 
similar.  The  cable  through  which  the  locomotive  receives  its  power 
when  away  from  the  trolley  wire  is  wound  either  on  a  reel  placed 
horizontally  on  top  of  the  locomotive,  or  on  a  drum  placed  at  one 
end.  The  reel  or  drum  is  driven  by  an  independent  motor,  by  a 
spring  device,  or  by  a  chain  and  sprocket  wheels  from  the  axle. 

Where  the  rooms  dip  rather  steeply  towards  the  face  it  may  be 
impossible  or  undesirable  for  the  locomotive  to  go  to  the  face  for  the 
cars.  In  such  instances  the  "crab"  locomotive  has  been  used  with 
success.  This  locomotive  is  equipped  with  a  drum  on  which  a  steel 
cable  is  wound  and  which  is  usually  driven  by  a  separate  motor,  thus 
in  reality  adding  to  the  locomotive  a  small  hoisting  engine  for  the 
purpose  of  pulling  cars  out  of  steeply  pitching  places  while  the  loco- 
motive remains  on  the  entry.  Under  some  conditions  a  gathering 
locomotive  is  equipped  with  this  "crab"  device  in  addition  to  the 
cable  attachment. 


*  Mines  and  Minerals.     Vol.  30,  p.  13. 
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The  rack-rail  locomotive  was  devised  for  electric  haulage  on 
heavy  grades.  Its  hauling  capacity  is  not  limited  to  the  adhesion 
between  the  wheels  and  rails.  Instead  of  driving  the  wheels  the 
motor  is  geared  to  a  sprocket  wheel  beneath  the  locomotive,  the  teeth 
meshing  with  a  rack-rail  laid  between  the  main  rails.  The  locomotive 
is  therefore  really  geared  to  the  track  and  can  haul  large  loads  on 
steep  grades,  provided  the  strength  of  the  parts  and  the  power  of  the 
motor  are  sufficient.  Rack-rail  locomotives  were  first  brought  out 
by  the  Morgan-Gardner  Co.  in  1899.  They  are  used  in  mines  where 
the  grades  are  prohibitive  to  ordinary  electric  haulage.  In  some  cases 
no  trolley  wire  is  used,  the  rack-rail  acting  as  a  conductor  for  the 
current.  In  other  cases  a  trolley  wire  is  used  on  the  ordinary  haulage 
roads,  the  rack-rail  being  used  only  on  occasional  grades. 

From  the  time  that  electric  haulage  was  first  introduced  in  mines 
it  has  been  the  desire  of  engineers  to  find  some  way  of  dispensing 
with  the  trolley  wire  and  the  bonding  of  the  rails ;  first,  from  a  desire 
to  save  the  outlay  required  by  such  an  installation,  and  second,  because 
of  the  danger  from  contact  with  the  wire,  and  from  explosions  caused 
by  sparking  of  trolleys  and  wheels  in  gassy  mines.  As  regards  the 
latter  danger  the  United  States  Bureau  of  Mines  at  the  Pittsburgh 
Testing  Station  is  prepared  to  test  locomotives  in  a  gas  chamber  and, 
if  they  can  comply  with  requirements,  to  list  them  as  permissible  for 
use  in  gaseous  atmospheres.  It  is  doubtful,  however,  if  any  trolley  or 
reel  locomotive  can  meet  these  requirements.  This  condition,  therefore, 
led  to  the  introduction  of  the  storage-battery  locomotive,  which,  while 
it  does  not  eliminate  the  danger  from  switch  and  motor  sparks,  at 
least  dispenses  with  the  trolley  wire. 

The  commercial  development  of  the  storage  battery  began  at 
about  the  same  time  as  did  that  of  the  electric  railway,  for  it  was  not 
until  1880  that  Brush  and  Faure,  working  independently,  simultane- 
ously produced  the  pasted  plate  for  storage  batteries,  resulting  in 
lighter  and  cheaper  cells.  Naturally  the  storage  battery  was  looked 
to  as  the  solution  of  the  problem  of  dispensing  with  trolley  wires  or 
other  naked  conductors.  The  early  development  of  such  locomotives 
took  place  in  England  and  in  Germany,  American  engineers  being  slow 
to  take  up  the  subject.  In  1886  the  first  storage-battery  locomotive 
was  tried  in  the  mine  of  the  Trafalgar  Colliery  Co.*   Indicative  of  the 


Eng.  and  Min.  Jour.     Vol.  42,  p.  98. 
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slow  development  of  the  early  installations  was  the  statement  made 
in  1895  that  storage-battery  locomotives  had  then  reached  the  experi- 
mental stage  only.*  Probably  the  first  successful  use  of  a  storage- 
battery  locomotive  in  this  country  was  at  the  mines  of  the  Southwell 
Virginia  Improvement  Co.  in  the  Pocahontas  region  of  West  Virginia. t 
The  Baldwin-Westinghouse  Co.  built  this  locomotive  in  1899  and  it 
proved  so  successful  that  the  company  ordered  six  more.  For  several 
years  prior  to  this  the  Pocahontas  Consolidated  Collieries  Co.  at  Poca- 
hontas, Virginia,  had  endeavored  to  develop  a  storage-battery  haulage 
locomotive,  three  machines  actually  having  been  built  which  were, 
however,  only  ' '  more  or  less  effective. ' ' 

About  1900  the  Jeffrey  Manufacturing  Co.  shipped  its  first 
storage-battery  locomotive.  During  the  following  ten  years  there  were 
several  locomotives  of  this  type  put  into  service  but,  on  the  whole, 
development  was  slow.  Beginning  with  1911  these  locomotives  began 
to  attract  a  great  deal  of  attention.  Storage  batteries  had  been  im- 
proved both  in  design  and  construction.  The  Edison  alkaline  battery 
with  a  steel  jar  had  been  placed  on  the  market  and  had  given  excellent 
service.  Mining  men  did  not  need  to  be  convinced  of  the  advantages 
in  the  use  of  storage-battery  locomotives,  but  they  were  extremely 
dubious  about  the  ability  of  a  battery  to  stand  up  under  the  severe 
conditions  of  mining  service.  In  some  storage-battery  locomotives, 
particularly  of  the  earlier  types,  batteries  were  too  small  and  motors 
were  of  too  low  capacity  for  the  weight  of  the  locomotive.  Whereas 
in  main-haulage  locomotives  of  the  trolley  type  motors  of  approxi- 
mately 10  to  12  horsepower  per  ton  of  weight  are  used,  in  some  storage- 
battery  locomotives  the  motor  capacity  has  been  as  low  as  one  horse- 
power per  ton  of  weight.  This  radical  difference  restricts  the  con- 
tinuous performance  of  the  storage-battery  locomotive  for  heavy 
work  and  necessitates  extra  care  to  maintain  the  batteries  in  proper 
working  condition.  This  places  storage-battery  locomotives  at  a  dis- 
advantage as  compared  with  trolley  and  cable-reel  locomotives.  Re- 
cently storage-battery  locomotive  manufacturers  have  shown  a  tend- 
ency to  install  larger  motors  than  formerly. 

These  locomotives  are  fitted  with  motors  that  are  built  to  with- 
stand heavy  overloads.  Although  their  normal  ratings  may  be  rel- 
atively low  they  will  stand  without  injury  overloads  of  300  to  400 

*  Col.  Engr.    Vol.   16,   p.  32. 

t  Mines  and   Minerals.     Vol.   30,   p.   13. 
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per  cent  if  not  too  long  sustained.  For  instance,  a  certain  four-ton 
machine  is  rated  at  80  volts  and  60  amperes  when  running  at  about 
1050  revolutions  per  minute,  this  being  equivalent  to  slightly  more 
than  six  horse  power.*  However,  it  is  not  unusual  for  this  machine 
on  short  hauls  to  consume  300  to  350  amperes.  This  practice  is  based 
upon  the  following  general  considerations :  These  light-weight  storage- 
battery  locomotives  are  used  to  do  both  gathering  and  main  haulage. 
During  the  work  of  gathering  the  duty  is  light,  perhaps  75  to  80  per 
cent  of  the  working  time  being  spent  in  hauling  one  car  at  a  time  to 
and  from  rooms.  When  a  few  cars  have  been  collected  in  an  entry 
they  are  hauled  to  a  parting  where  a  train  is  made  up  and  the  loco- 
motive then  hauls  this  train,  to  the  shaft  bottom.  Assuming  that  the 
average  distance  from  parting  to  bottom  is  2000  feet  and  that  a  speed 
of  four  miles  per  hour  is  maintained,  the  run  will  require  less  than 
six  minutes.  For  such  a  short  period  these  motors  will  easily  with- 
stand the  overloads,  which  may  be  six  or  seven  times  the  normal 
ratings. 

As  regards  electric  mining  locomotives  in  general,  in  earlier  prac- 
tice, when  the  hauls  were  short,  seven  and  eight  horsepower  per  ton 
of  locomotive  weight  was  commonly  used ;  that  is,  from  70  to  80  horse- 
power on  a  10-ton  locomotive  traveling  at  a  speed  of  six  miles  per 
hour.  As  the  requirements  became  more  severe  it  was  found  that 
motors  of  such  horsepower  overheated,  wherefore  motor  capacities 
were  increased  to  a  minimum  of  10  horsepower  per  ton  in  general 
mining  practice.  As  the  loads  to  be  hauled  by  the  main-haulage  loco- 
motives increased,  manufacturers  increased  the  motor  capacities  to 
not  less  than  12  horsepower  per  ton  for  locomotives  above  eight  tons 
rating.  For  long  hauls  it  is  now  not  uncommon  to  use  still  greater 
horsepower  where  the  circumstances  will  permit.  Under  severe  condi- 
tions mine  locomotives  may  be  required  to  develop  in  excess  of  15 
horsepower  per  ton,  and  such  requirements  are  fulfilled  successfully 
by  applying  forced  ventilation  to  the  motors. 

The  chief  demand  of  mining  men  has  been  for  increased  locomo- 
tive capacity  without  increase  in  size.  In  discussing  compactness  of 
design  G.  M.  Eaton,  chief  engineer  of  the  Westinghouse  Electric  and 
Manufacturing  Company,  cites  an  electric  mining  locomotive  built  in 
1896  that  had  a  ratio  of  volume  (cubic  feet)  to  horsepower  of  3.88, 

*  This  is  on  the  basis  of  55-deg-.  temp,  rise  in  4  hr.,  and  not  on  the  A.  I.  E.  E.  restriction 
of  75  deg.  in  1  hr. 


30  ILLINOIS   ENGINEERING    EXPERIMENT   STATION 

while  a  more  modern  locomotive  of  the  same  motor  capacity  has  a 
ratio  of  1.54.* 

Manufacturers  have  experimented  to  secure  equal  distribution 
of  weight  on  the  driving-  wheels;  to  prevent  the  slippage  of  one  set 
of  the  wheels,  when  only  one  motor  is  used,  by  connecting  the  front 
and  rear  axles:  to  determine  the  best  position  of  the  drawbar  to 
assure  the  most  advantageous  line  of  pull;  to  increase  the  effective 
drawbar-pull  by  increasing  the  weight  of  the  locomotive;  to  so  in- 
crease the  number  of  driving  wheels  as  to  distribute  the  weight  and 
reduce  the  load  on  each  wheel ;  to  make  possible  the  use  of  tandem 
locomotives  or  of  trailers  upon  which  is  carried  all  excessive  weight 
(particularly  that  due  to  the  use  of  the  storage  battery)  so  that  the 
driving  wheels  will  carry  only  the  weight  desired  for  the  required 
pull;  to  introduce  steel-tired  wheels  instead  of  east-iron  wheels  in 
order  to  secure  greater  adhesion  to  the  rail;  to  decrease  the  friction 
in  the  locomotive  by  the  use  of  special  bearings  and  improved  methods 
of  lubrication ;  and  to  mount  independent  motors  in  a  storage-battery 
locomotive — one  for  trolle}-  current,  the  other  for  battery  current. 

Improvements  and  changes  in  the  design  of  electric  locomotives 
have  been  made  principally  as  follows  : 

(a)  Details  of  construction,  both  electrical  and  mechanical,  have 
been  modified  to  better  adapt  the  locomotives  to  severe  mine  service. 

(b)  Compactness  has  been  sought  to  permit  use  of  locomotives 
in  restricted  quarters. 

(c)  Increased  capacity  and  endurance  have  been  secured  for  the 
electrical  equipment. 

(d)  Greater  flexibility  of  movement  has  been  obtained  through 
the  use  of  cables  and  storage  batteries. 

Among  the  modifications  of  details  of  mechanical  construction 
may  be  mentioned  the  change  from  ordinary  brass  bearings  to  ball 
bearings  for  armatures;  the  use  of  heat-treated  or  hardened  motor 
pinions;  the  making  of  all  working  parts  much  heavier  to  take  care 
of  the  increased  duties  imposed  upon  them;  and  the  making  of  such 
working  parts  more  accessible  and  more  readily  detachable. 

Locomotive  frames  were  originally  made  of  cast  iron.  These  did 
very    well    unless    collisions    occurred,    when    repairs    were    difficult. 

*  Development  of  Electric  Mine  Locomotive.     Proc.  A.  I.  E.  E.,  April,  1014. 
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Later,  cast  steel  came  into  use  for  frames  and  to  a  certain  extent 
is  used  for  parts  of  the  frames  by  some  builders  today,  although  rolled- 
plate  side-frames  are  more  common.  Eolled  steel  is  more  uniform 
than  cast  steel  and  it  is  less  likely  to  contain  blow-holes.  Some 
builders  have  given  special  attention  to  the  bracing  of  the  frame  at 
the  corners  to  resist  blows  from  collisions  or  derailment.  One  company 
equips  its  locomotives  with  an  auxiliary  buffer  and  interposes  springs 
between  it  and  the  main  locomotive  frame  to  take  up  the  shocks  of 
collision,  coupling,  and  starting.  This  construction  results  in  a  saving 
on  car  hitchings  and  bumpers  and  is  of  assistance  in  starting  trips. 

In  the  early  locomotives  axles  were  too  weak,  journal  boxes  were 
too  short  for  the  weight,  journal  springs  were  not  sufficiently  flexible 
to  meet  the  conditions  of  mine  track,  motor  suspensions  were  often 
too  rigid  to  allow  the  wheels  and  axles  to  follow  the  track,  and  brake- 
riggings  had  springs  that  reduced  the  effectiveness  of  the  brakes. 
Many  early  locomotives  were  made  with  a  chain  drive  between  the 
axles,  but  this  method  of  driving  has  been  abandoned  by  several  manu- 
facturers whose  locomotives  now  have  either  a  single  motor  geared 
to  both  axles,  or  two  motors,  one  for  each  axle.  One  manufacturer, 
however,  continues  the  chain  drive,  with  good  arguments  for  its 
superiority  over  direct  gearing. 

Amongst  the  improvements  in  electrical  details  may  be  noticed 
first  the  use  of  commutating  poles  on  the  motor  to  prevent  sparking, 
and  second,  the  thorough  enclosing  of  the  electrical  parts,  these  changes 
at  once  reducing  the  danger  of  fire  or  explosion  and  increasing  the 
life  of  the  parts. 

In  man}-  instances  field-windings  have  been  changed  from  cotton- 
covered  wire  to  strap  copper  insulated  between  layers  or  turns  with 
sheet  asbestos  and  the  whole  wrapped  with  oiled  linen,  asbestos  tape, 
or  other  fireproof  insulation,  baked  with  varnish.  Formerly  the  fields 
would  deteriorate  from  heating ;  now  life  is  indefinitely  prolonged. 
When  necessary  it  is  a  comparatively  simple  matter  to  repair  the 
strap  coils  without  the  loss  of  any  copper,  whereas,  with  the  wire- 
wound  fields  repairs  to  defective  or  damaged  insulation  often  required 
the  purchase  of  new  copper  wire  or  new  material  throughout.  The 
armature  coils  were  generally  wire  frequently  of  two  or  more  turns 
per  coil,  but  today  they  are  largely  made  of  bar  or  strap  copper 
of  only  one  turn  per  coil.  The  repairing  of  this  type  of  coil  is  very 
much  simpler  and  the  copper  is  usually  salvaged,  whereas  with  the 
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old  type  a  complete  replacement  of  the  damaged  parts  was  generally 
necessary.  The  material  used  in  insulation  is  of  much  better  quality 
than  that  used  heretofore,  securing  increased  life  of  the  coil.  The 
single-turn  coil  results  in  better  commutation  and  less  sparking  at 
the  brushes  than  was  possible  with  the  older  construction. 

The  improvement  in  locomotive  controllers  has  been  marked. 
Those  now  used  are  of  the  straight  type  without  any  auxiliary  devices. 
The  size  and  capacity  of  the  blow-out  coils  have  been  greatly  increased 
and,  in  the  best  designs,  strap  copper  with  fire-proof  insulation  is 
used. 

On  storage-battery  locomotives  it  is  considered  best  practice  to 
have  all  switches  in  an  enclosed  compartment  so  that  they  can  not  be 
thrown  when  the  locomotive  is  operated  under  gassy  conditions.  No 
attempt  has  been  made  to  enclose  the  storage  batteries  themselves  in 
explosion-proof  cases,  as  circuits  are  not  broken  while  the  batteries 
are  operating,  and  there  must  be  ample  ventilation  about  the  batteries 
to  carry  away  the  gas  generated  therein. 

An  effort  has  been  made  to  standardize  practice  in  mine  haulage 
through  a  committee  of  the  American  Mining  Congress  for  the 
Standardization  of  Underground  Transportation  Equipment.  Al- 
though the  subjects  that  have  been  investigated  by  this  committee — 
such  as  track  gauge,  minimum  track  curvature  for  rooms,  wheel-base 
for  mine  cars,  types  of  couplers,  and  overall  dimensions  of  mine  cars — 
apply  primarily  to  track  and  mine-car  construction,  any  standards 
adopted  will  affect  locomotive  design.  The  rating  of  mine-locomotive 
motors  is  generally  governed  by  the  rules  of  the  American  Institute 
of  Electrical  Engineers  for  railway-type  motors.  The  rated  horse- 
power delivered  for  one  hour  should  not  heat  the  windings  more  than 
75  degrees  C.  above  the  surrounding  air,  Standardization  Rule  No.  415 
being  as  follows : 

' '  The  nominal  rating  of  a  railway  motor  shall  be  the  mechanical  output  at 
the  car  or  locomotive  axle,  measured  in  kilowatts,  which  causes  a  rise  of  tempera- 
ture above  the  surrounding  air,  by  thermometer,  not  exceeding  90  degrees  C.  at 
any  other  normally  accessible  part  after  1  hour  continuous  run  at  its  rated  voltage 
(and  frequency  in  the  case  of  an  aUernating-current  motor)  on  a  stand  with  the 
motor  covers  arranged  to  secure  maximum  ventilation  without  external  blower. 
The  rise  in  temperature  as  measured  by  resistance,  shall  not  exceed  100  degrees  C. ' ' 

The  Electric  Power  Club  has  the  following  standard  rule  specifi- 
cally applying  to  mine  locomotives : 
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' '  Mine  locomotive  motors  shall  be  given  nominal  ratings  which  shall  be  the 
horsepower  output  at  the  armature  shaft,  excluding  gear  and  other  transmis- 
sion losses,  which  the  motor  will  develop  for  one  hour  under  normal  rated  condi- 
tions on  a  stand  test  with  covers  removed  and  natural  ventilation,  without 
exceeding  the  temperature  rises  guaranteed." 

In  order  that  the  motor  shall  have  good  continuous  operating 
capacity,  in  proportion  to  its  capacity  on  the  hour  rating,  it  is  necessary 
to  have  a  liberal  radiating  surface  in  addition  to  the  usual  requirements 
of  ample  area  of  conductors  and  commutator. 

The  manufacturers  usually  guarantee  a  certain  starting  drawbar- 
pull  on  clean,  dry  rails,  and  also  running  drawbar-pull  at  specified 
speeds. 

7.  Mine  Haulage  in  Illinois. — Most  of  the  large  producing  mines 
in  Illinois  are  being  operated  in  seams  of  coal  which  are  usually  over 
5  feet  in  thickness,  thus  permitting  the  use  of  cars  that  are  larger 
than  the  average  used  in  the  United  States.  The  largest  car  in 
use  holds  about  5  tons  and  the  average  about  3  tons.  With  the 
exception  of  occasional  heavy  local  grades  the  coal  seams  are  nearly 
level.  The  floor  is  fire  clay  and  affords  a  good  road-bed.  These 
conditions  permit  a  systematic  arrangement  of  haulage  ways  and 
favorable  and  efficient  haulage.  Because  of  these  favorable  natural 
conditions  and  because  the  more  modern  mines  are  all  designed  for 
large  tonnages,  large  capital  investments  have  been  made,  with  the 
result  that  the  more  modern  Illinois  mines  are  exceptionally  well 
equipped.  Cars  of  the  capacity  noted  above  require  a  good  track; 
therefore,  in  most  of  the  mines  developed  during  the  past  ten  years 
40-pound  rails  have  been  used  on  the  main  entries  and  20-pound  rails 
in  the  rooms.  In  the  more  recent  operations  45-  to  60-pound  rails  have 
been  used  on  the  main  roads  and  25-  to  35-pound  rails  in  the  rooms. 
Most  of  the  newer  mines  have  adopted  a  track  gauge  of  42  inches. 

Statistics  for  1920  showed  345  shaft  mines,  12  slope  mines 
and  10  drift  mines.  The  average  depth  of  shaft  was  225  ft.  while 
the  average  slope  length  was  772  ft.  The  production  from  the  different 
kinds  of  mines  was :  shaft  mines,  69  004  807  tons ;  slope  mines, 
2  339  167  tons ;  drift  mines,  717  096  tons.  During  the  same  year 
strip  mines  produced  367  009  tons  or  a  little  more  than  one-half  of 
one  per  cent  of  the  total  production  in  the  state. 

Data  from  Illinois   Coal  Reports  for  the  period   1899  to   1921 
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inclusive  indicate  a  gradual  reversal  in  prominence  held  by  animal 
and  locomotive  haulage.  (Table  1.)  In  1&99,  87.1  per  cent  of  the 
tonnage  in  Illinois  coal  mines  was  handled  by  animal  haulage.  Loco- 
motives hauled  2.5  per  cent,  ropes  7.9  per  cent  and  tramming  2.5 
per  cent,  but  in  1921  it  appears  that  both  ropes  and  tramming  were 
practically  obsolete  and  that  91.2  per  cent  of  the  coal  was  moved  by 
locomotives,  and  only  8.8  per  cent  by  animals. 

In  the  early  '90 's,  several  attempts  were  made  to  use  electric 
locomotives,  some  of  them  meeting  with  considerable  success ;  but  1899 
was  the  first  year  in  which  an  appreciable  amount  of  coal  was  hauled 
by  electric  locomotives.  Statistics  for  the  number  of  electric  locomo- 
tives in  use  prior  to  1907  are  not  available,  separate  from  the  statistics 
for  gasoline  and  other  types. 

Pertinent  data  on  mine  haulage  were  collected,  in  1914,  by  the 
Illinois  Coal  Mining  Investigation  and  published  in  Bulletin  13. 
Twenty-four  typical  mines  that  used  mule  haulage  had  average  con- 
ditions as  follows :  daily  coal  production,  597  tons ;  weight  of  empty 
car,  1239  pounds;  weight  of  coal  per  car,  2627  pounds.  Similarly 
in  65  typical  mines  having  mechanical  haulage,  the  average  statistics 
were:  daily  production,  1667  tons;  weight  of  empty  car,  1753 
pounds;  weight  of  coal  per  car,  4450  pounds.  There  were  five  mines 
using  the  rack-rail  type  of  locomotive  and  seven  using  gasoline  loco- 
motives. Kope  haulage  was  used  in  but  six  mines.  All  other  mines 
were  using  trolley  locomotives. 

Table  2  gives  a  classification  of  the  three  chief  systems  of  under- 
ground haulage  in  use  throughout  the  state  in  the  year  1921.     Rope 

Table  2 
Locomotive  and  Mule  Haulage  in  1921 


Mines 

Production 

Ave.  Tons 

No. 

Per  Cent 

Tons 

Per  Cent 

Per  Mine 

109 

33.2 

9  976  493 

12.9 

91  527  5 

31 

9.4 

13  731  010 

17. -9 

442  935  8 

Locomotives    for   main  haulage,   mules 
and  locomotives  for  gathering 

189 

57.4 

53  598  971 

69.3 

283  592.4 

Totals 

329 

100.0 

77  306  474 

100.0 

234  974.1 
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haulage  is  not  included  because  its  use  is  very  limited  and  the  Coal 
Reports  do  not  now  segregate  it.  For  the  mines  covered,  this  table 
shows  how  the  haulage  systems  are  related  to  production. 

Statistics  for  the  year  1921  covering  324  producing  mines  in  38 
counties  of  Illinois  show  that  electric  haulage  was  used  exclusively  in 
but  31  mines  or  9.6  per  cent ;  mules  performed  all  the  haulage  in  108 
mines  or  exactly  one-third;  in  the  remaining  185  mines  haulage  was 
' '  mixed, ' '  that  is,  by  both  locomotives  and  mules. 
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III.     The  Shaft  Bottom 

8.  General  Importance. — The  term  "shaft  bottom"  applies  to 
the  portion  of  the  mine  that  is  contiguous  to  the  bottom  of  the  main 
hoisting  shaft.  It  includes  the  terminal  tracks  for  storing  the  loaded 
cars  while  waiting  to  be  hoisted,  the  storage  tracks  for  empty  cars 
while  waiting  to  be  taken  back  to  the  working  faces,  and  the  necessary 
motor  and  supply  rooms,  foreman's  office,  pump  rooms,  run-aronnds, 
shops  and  waiting  rooms. 

When  it  is  considered  that  the  shaft  location  may  affect  the 
haulage  grades  for  the  entire  mine  throughout  the  life  of  the  mine, 
the  importance  of  preliminary  drilling  to  determine  the  contour  of 
the  coal  bed  is  obvious,  in  order  that  the  shaft  bottom  may  be  located 
as  nearly  as  possible  at  the  lowest  point  in  the  mine  and  the  loaded 
trips  hauled  down-grade  as  much  as  possible.  A  shaft  bottom  on  the 
loaded-car  side  should  be  either  approximately  level  or  at  a  grade  of 
1  to  1.5  per  cent  toward  the  shaft.  The  grades  on  the  empty  side  of 
the  shaft  vary  with  the  method  of  handling  the  empty  cars. 

An  adequate  shaft  pillar  should  be  provided  about  the  shaft 
bottom  to  protect  the  shaft  and  the  surface  equipment  from  subsidence. 
In  too  many  cases,  however,  where  the  original  plans  called  for  ade- 
quate shaft  pillars,  rooms  have  been  started  in  the  pillar  in  order  to 
get  coal  quickly.  In  many  cases  it  has  proved  very  poor  economy  to 
mine  out  the  coal  too  close  to  the  shaft,  for  it  should  be  remembered 
that  this  coal  is  not  lost  but  merely  deferred  in  its  extraction  to  the 
time  when  the  mine  will  be  abandoned.  Typical  shaft  bottom  arrange- 
ments are  shown  in  Figs.  12  to  18,  inclusive. 

The  shaft  bottom  is  the  heart  of  the  underground  workings  and 
is  the  busiest  place  in  the  mine.  Here  the  loaded  cars  must  be 
promptly  hoisted  or  dumped  and  the  empties  returned  to  the  work- 
ing face  to  avoid  blocking  the  traffic.  In  some  mines  from  1200 
to  1500  cars  are  handled  on  the  shaft  bottom  daily  during  an 
eight-hour  shift,  or  an  average  of  two  to  three  per  minute.  The 
efficient  operation  of  the  whole  mine,  therefore,  depends  not  only  on 
shaft-bottom  arrangement  and  mechanical  equipment,  but  also  on   a 
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proper  balancing  of  the  haulage  from  the  various  divisions  of  the 
mine  to  the  shaft  bottom  which  is  the  main  terminal. 

The  first  extensive  use  of  self-dumping  cages  was  in  Illinois.  At 
present  they  represent  the  prevailing  method  of  hoisting  coal,  except 
in  the  longwall  field.  At  a  number  of  the  older  and  smaller  mines 
and  very  generally  in  the  longwall  field  the  platform  cage  is  still 
used,  the  car  being  run  off  the  cage  at  the  surface  to  be  dumped.  In 
a  few  cases,  two  cars  are  placed  on  the  cage  platform  for  hoisting, 
either  tandem  or  side  by  side.  The  speed  of  hoisting  at  the  larger 
mines  gives  two  to  four  hoists  per  minute.  Mine  cars  vary  in 
capacity  from  two  to  four  tons  each. 

The  chief  items  to  be  considered  in  the  shaft -bottom  layout  are: 

Arrangement  of  tracks  to  permit  the  locomotive  to  land  a  loaded 
trip  and  to  obtain  an  empty  trip  without  delay,  so  as  to  prevent 
interference  of  one  locomotive  with  another. 

Storage  space  for  loads  and  empties. 

Shaft-bottom  grades. 

System  of  handling  loads  and  empties,  including  caging,  if  the 
cars  are  to  be  hoisted. 

Arrangements  for  safely  receiving  the  men  who  have  been 
lowered;  also  adequate  waiting  room  for  men  who  have  gathered  on 
the  shaft  bottom  previous  to  being  hoisted  to  the  surface. 

Suitable  arrangements  for  handling  equipment  and  supplies,  such 
as  timber,  oil,  waste  rock,  sump  coal,  and  broken  cars. 

Conveniently  located  mine  manager's  office,  locomotive  barns, 
repair  and  supply  shops,  pump-rooms  and  mule  stables. 

The  act  of  haulage  is  really  completed  when  the  car  is  placed  on 
the  cage  ready  to  be  hoisted,  but  often  haulage  and  hoisting  data 
are  not  kept  separately.  Only  data  upon  hoisting,  ventilation,  and 
such  collateral  topics  as  have  an  effect  upon  haulage  performance  are 
considered  in  this  discussion. 

9.  Delivering  Cars  to  Shaft  Bottom. — It  is  important  that  the 
main-line  locomotives  be  able  to  land  the  loaded  trips  at  the  bottom 
and  take  up  the  empty  trips  for  the  return  with  the  least  possible 
interruption.  The  likelihood  of  interference  increases  with  an  in- 
crease in  the  number  of  locomotives  hauling  to  the  shaft  bottom.  With 
two  locomotives,  one  coming  from  each  side  of  the  shaft,  there  should 
be  no  interference  and  no  delay,  provided  there  is  ample  storage  for 
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empty  cars.  Where  two  or  more  locomotives  come  to  the  shaft  bottom 
over  the  same  route,  interference  on  the  shaft  bottom  between  the 
incoming  and  outgoing  locomotives  is  probable  unless  a  definite 
schedule  is  maintained  and  proper  provision  is  made  in  the  shaft- 
bottom  layout.  Three  different  ways  of  preventing  such  interference, 
described  later  in  detail  in  connection  with  the  several  shaft-bottom 
arrangements  herein  given,  are  as  follows : 

(1)  Adequate  length  of  double  track  in  each  direction  from  the 
shaft  on  the  main  haulage  road,  as  described  under  Mine  A,  p.  56. 

(2)  Separate  outlets  from  the  shaft-bottom  empty-storage  track 
to  the  several  sections  of  the  mine,  with  grade  track  crossings  elimi- 
nated by  the  use  of  cross-over  bridges,  as  described  under  Mine  C, 
p.  58. 

(3)  A  trip  despatcher  or  haulage  boss  on  the  shaft  bottom  who 
is  in  touch  by  telephone  with  flagmen  at  the  junction  points,  and  thus 
directs  the  incoming  trips. 

10.  Storage  Space  for  Loads  and  Empties. — Adequate  storage 
tracks  for  loaded  and  empty  cars,  and  a  suitable  arrangement  of  such 
tracks  and  their  approaches  should  be  provided,  as  these  items  very 
largely  determine  the  regularity  and  continuity  of  cars  supplied  to 
the  eager  for  hoisting.  A  shortage  of  railroad  cars  on  the  surface 
or  an  accident  in  the  shaft  may  cause  delay  in  hoisting;  therefore, 
the  shaft  bottom  should  provide  adequate  storage  and  flexibility  in 
handling  cars  and  incoming  trips. 

Data  in  Table  3  show  variations  in  storage  capacity  at  a  number 
of  mines  studied,  and  Figs.  12  to  18  show  a  number  of  different 
arrangements  of  storage  tracks.  In  Table  3,  "Storage  capacity  loads" 
means  the  number  of  cars  that  can  be  stored  on  the  track  from  the 
shaft  to  a  point  where  the  incoming  locomotive  ordinarily  is  cut  off 
from  the  loaded  trip;  and  "Storage  capacity  empties"  means  the 
number  of  cars  that  can  be  stored  on  the  empty-car  track  without 
interfering  with  the  caging  operations  or  with  the  passage  of  the 
incoming  locomotive.  Any  extension  of  storage  space  that  interferes 
with  regular  operations  should  not  be  included  as  regular  storage 
capacity. 

Although  the  storage  capacity  on  the  shaft  bottom  is  figured  for 
a  certain  number  of  cars,  the  varying  sizes  of  trips  and  times  of 


40 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


g    £ 


W    'S 


Ph 


Ph 
be 

.a 


■* 

oo 

e 

r 

CO 

ie 

co 

CM 

t* 

0  •-<  »  IN 

t- 

CN 

-r 

a 

CO 

•* 

CM 

co 

CO 

ie 

■-•   CO  Vh   h 

t^ 

CO 

< 

s 

■<* 

■* 

oo 

OC 

10 

a: 

m 

X 

"■H 

|    c 

CS 

o 

>  3  > 
u  -^  »- 

o 

m 

i-a 

~ 

-t 

o 

o 

CO 

c 

c 

l^. 

,_J 

- 

CO 

t^ 

o 

CN 

CT 

lO 

co 

o 

in 

u<  c 

m 

o 

c 

>  °  > 

t^ 

o 

c 

t^ 

c 

C 

CO 

c 

c 

oi  13   ot 

r-l  CO  iH  tH 

CO 

CO 

" 

s 

CO 

CO 

C 

10 

10 

Tj< 

c 

CO 

CC 

o^c 

m 

10 

C35 

o 

>'  2  > 

t^ 

CN 

M 

c 

c 

c 

m 

CO 

c 

c 

i*   R  »- 

rtNMH 

- 

co 

c 

CO 

U7 

OC 

c 

c 

-* 

- 
CO 

«H 

c 

>t 

m 

•^ 

a 

c 

t> 

o 

10 

CO 

CO 

CN 

cs 

03  "S    CS 

b  3  t 

NMHH 

r- 

o 

Ol 

- 

c 

■<! 

0" 

t^ 

>r. 

tc 
cn 

oc 

10 

G"<  C 

6       c 

c 

,, 

m 

0    o    c 

c 

■* 

t< 

c 

u: 

G 

C 

■<* 

C 

c 

HO)«H 

t^ 

- 

c 

C 

i-O 

CC 

cc 

10 

- 

*— 

OC 

Tf 

« 

3         S 
-<        < 

c 

t~ 

« 

10 

^- 

W 

- 

c 

c 

c 

IN 

C 

c 

>  £  — 
0<£ 

CO  CO  <N  CO 

CM 

CN 

c 

r 

c 

OC 

t 

oc 

CT 

CN 

CC 

ir 

W 

0<£ 

m 

oo 

Q 

c 

C 

c 

c 

co 

C 

c 

CO  CN  tN  -4 

oc 

r 

pH 

= 

OC 

^ 

rj 

cC 

cc 

i0 

3 

IT 

1  " 

CC 

10 

c 

cn 

>2  > 

10 

00 

O 

c 

c 

c 

C 

if 

C 

c 

oj  "S  c 

M    R    (■ 

^  tN  -i  -I 

IC 

c 

d 

~ 

f- 

cc 

C 

CC 

CO 

IT 

I— 

oc 

IT 

m 

CO 

m 

>'  °  > 

CN 

oo 

« 

= 

IT 

in 

IT 

■<t 

C 

cs 

03  ti   ot 

■<J(  C2  CN  -h 

w 

m 

c 

IT 

>d 

<N 

C 

IT 

<i  Si  ± 

a 

if 

— 

0 

CC 

a^c 

6       c 

c 
c 

CO 

£.  °  £ 

<U 

C 

c 

10 

C 

■** 

C 

c 

-H  CO   CN  — 1 

t^ 

c 

■* 

o 

o- 

C 

cc 

IT 

IT 

1- 

Tf 

>i  <     X 

■<t 

3         5 

1 

c 

- 

03 

— 

a 

a 

O 

c 
a 

a 

CO 

s 

: 

i      *> 

E 

CO 

Ot 

£ 

HI 

b 
r 
c 
a 

0 

e 
H 

a 

E 

n 

r 

O 

o 

T 

03 

o 

0 

i- 
* 

c 

a 
a 

■i 

£ 

O 

a 

J! 
O 

o 

- 

-a 

c 

CO 

£ 

pi 

c 

'5 

o 

J3 

a 
'3 

a 

c 

H 

c 

r 
C 

to 

U 

c 
a 
c 
a 
U 

a 

05 

w 

o 

b 

- 

" 

a 
jj 

*t      CO 

o 

3 
43 

C 

0 

c 

H 

co 

5  ° 

O    - 
o  c 

a 

o 

2; 

V 

2 

1 

& 

0 

t 

0 

2s»c 

■S    O    o!    C 

'     S  m  2  3  t- 

m  A 

a 

CD 

1  < 

e 

o 

9 

< 

K 

c 

1  — 

w 

W 

7 

c 

o 

43 

A    STUDY    OF    COAL    MINE    HAULAGE    IN    ILLINOIS  41 

arrival  often  prevent  the  rated  capacity  from  being  available.  The 
location  of  the  connections  between  the  main  bottom  tracks  and  the 
mn-around  tracks,  often  called  ."the  motor  runs,"  and  the  points 
where  the  locomotives  are  cut  loose  from  the  trip  determine  the 
storage  capacity  of  the  shaft  bottom  to  a  great  extent.  For  example, 
this  cut-off  point  may  be  so  located  that  when  one  locomotive  follows 
another  into  the  bottom  on  the  same  side,  the  second  locomotive  will 
be  delayed  until  the  last  loaded  car  of  the  first  trip  has  passed  the 
entrance  to  the  motor*  run,  and  the  first  locomotive  will  be  delayed 
until  the  second  loaded  trip  has  cleared  the  junction  point  between 
the  loaded  and  empty  tracks  on  the  main  entry,  unless  there  is  a 
double  track  on  the  main  haulage  road. 

11.  Handling  Cars  on  Shaft  Bottom. — There  are  three  distinct 
operations  in  connection  with  the  handling  of  cars  on  the  shaft 
bottom  : 

(1)  Delivering  loaded  cars  to  the  eager  after  the  main-haulage 
locomotive  has  been  cut  off. 

(2)  Caging. 

(3)  Taking  empty  cars  from  the  cage  to  the  empty  storage 
track. 

Delivery  of  Cars  to   Cager 

There  are  three  methods  by  which  the  loaded  cars  after  being- 
cut  off  from  the  locomotive  may  be  delivered  to  the  cage;  first,  by 
pushing  and  spragging,  second,  by  car  haul,  and  third  by  a  small 
locomotive  running  on  a  center  track. 

(a)  When  the  control  of  the  mine  car  after  the  locomotive  has 
been  cut  off  is  left  entirely  to  the  spragger,  the  grade  toward  the  shaft 
is  usually  about  1.5  to  2  per  cent  from  the  locomotive  cut-off  point  to 
a  point  about  two  car  lengths  from  the  cage,  and  from  this  point  on 
to  the  shaft  the  grade  is  increased  to  about  3  per  cent  so  that  the 
loaded  car  may  have  sufficient  impetus  to  bump  the  empty  car  off 
the  cage.  Too  steep  a  grade  on  the  shaft  bottom  is  dangerous  for  the 
spraggers  and  switch-throwers. 

If  there  is  a  slight  up-grade  on  the  approach  to  the  shaft  bottom 
so  that  the  locomotive  must  continue  pulling  until  a  cut-off  switch  is 
reached,  such  a  switch  should  be  automatically  thrown  by  the  loco- 
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motive.  If  the  speed  at  which  the  trip  is  cut  off  is  excessive  there  is 
danger  of  the  cars  getting  beyond  control.  If  the  same  employees 
always  handle  the  loaded  trips,  they  become  skilled  in  their  work  and 
can  accurately  judge  the  distance  the  cars  will  run  and  the  number 
of  sprags  necessary,  so  that  very  few  run-away  trips  occur  although 
this  method  of  handling  cars  is  extensively  used.  Handling  by  gravity 
and  spragging  is  a  continuation  of  the  method  employed  when  the 
cars  were  much  smaller  than  those  commonly  used  now.  The  present 
tendency  is  to  install  heavier  equipment  both  in  mine  cars  and  in 
locomotives  so  that  the  problem  of  controlling  the  cars  by  hand  under 
such  conditions  is  much  more  difficult  than  formerly. 

Several  types  of  sprags  are  shown  in  Fig.  5.  The  ordinary  double- 
cone  spoke  sprag  a  is  thrust  between  the  spokes  of  the  moving  wheels, 
thus  causing  the  wheels  to  slide  on  the  rail ;  the  block  sprag  b  may  be 
placed  on  the  rail  in  front  of  the  wheel,  or  it  may  have  a  flat  face 
cut  out  to  fit  the  flange  of  the  wheel  c,  d,  and  be  placed  in  front  of 
the  wheel.  The  block  form  gives  much  greater  surface  of  contact  than 
the  cone  type  and  one  block  is  as  effective  as  several  cone  sprags. 
On  account  of  the  smaller  number  of  block  sprags  required,  there  is 
also  a  saving  in  time  in  the  application  of  sprags. 

(b)  A  car  haul  consists  of  an  endless  chain  to  which  are 
attached  at  regular  intervals  "catches"  that  engage  the  axles  of 
the  cars  and  push  the  latter  forward  toward  the  cage.  A  similar 
device  may  be  used  for  moving  the  empty  cars  on  the  opposite  side  of 
the  cage. 

(c)  By  means  of  a  relatively  small  locomotive  running  on  a 
third  or  center  track  (Fig.  6),  and  provided  with  an  arm  that  can  be 
moved  in  and  out  transversely  on  either  side  of  the  locomotive,  cars  on 
either  track  are  pushed  forward  toward  the  cage.  The  advantages  of 
this  system  are  that  at  all  times  the  cars  are  under  control,  and  they 
may  be  moved  in  either  direction  as  desired,  the  safety  on  the  bottom 
being  thus  increased.  A  car-haul  can  control  the  movement  of  cars 
for  the  length  of  its  construction  only — perhaps  75  feet — whereas  an 
auxiliary  locomotive  will  regulate  the  travel  of  the  loads  or  the 
empties  for  the  entire  length  of  the  bottom  with  the  exception  of 
about  50  feet  on  either  side  of  the  shaft.  Another  fact  in  favor  of 
the  auxiliary  locomotive  is  that  it  proves  useful  in  replacing  derailed 
cars  anywhere  on  the  shaft  bottom. 
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Fig.  5.     Types  of  Sprags 


Fig.  6.     Center-track  Pusher  Locomotive 


Fig.  7.     Automatic  Caging  Device  and  Use  of  Sprag 
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Caging 
Cars  are  caged  by  hand  or  by  an  automatic  caging  device,  the 
loaded  car  bumping  the  empty  car  off  the  cage.  Fig.  7  shows  an  auto- 
matic caging  device  used  at  most  of  the  newer  mines.  A  pair  of  dogs 
nearest  the  shaft  is  opened  automatically  when  the  cage  strikes  the 
bottom,  thus  permitting  the  loaded  car  to  be  pushed  upon  the  cage. 
At  the  same  time  a  second  pair  of  dogs,  farthest  away  from  the  shaft, 
is  thrown  across  the  track  and  stops  the  incoming  car.  As  the  cage 
rises  off  the  bottom,  the  dogs  that  were  across  the  track  open  and  the 
other  pair  fall  back  over  the  track,  thus  permitting  the  loaded  car 
to  be  pushed  forward  ready  to  be  put  on  the  cage  when  it  next 
descends.  In  some  instances,  caging  is  carried  on  so  rapidly  and  with 
such  precision  that  the  signal  to  hoist  is  given  before  the  car  has 
come  to  rest  on  the  cage. 

Removal  of  Empty  Cars 

Owing  to  unfavorable  natural  conditions  it  is  often  necessary  to 
do  considerable  grading  in  order  that  an  empty  car  may  run  by 
gravity  from  the  cage  to  the  empty-storage  track.  An  arrangement 
often  used  when  the  cars  are  caged  from  one  side  only  is  to  have 
the  track  leading  from  the  cage  terminate  in  a  "kick-back"  which 
gives  the  empty  cars  sufficient  impetus  to  cause  them  to  run  by  gravity 
to  the  empty-storage  tracks,  where  they  are  formed  into  trips.  By 
means  of  a  mechanical  car  lift  (Fig.  8)  the  empty  car  may  be  raised  8 
to  12  feet  and  thus,  in  running  down  a  grade,  be  given  an  impetus  that 
will  cause  it  to  run  by  gravity  directly  to  the  empty-storage  tracks; 
or  from  the  car  lift  it  may  go  first  to  a  "kick -back"  and  thence  to 
the  storage  track. 

A  three-track  arrangement  with  an  auxiliary  locomotive  operating 
on  the  center  track,  similar  to  that  described  as  being  used  on  the 
loaded  side  of  the  shaft,  has  many  advantages  for  handling  heavy 
equipment  and  gives  a  very  flexible  method  of  operation.  A  greater 
length  of  shaft  bottom  on  the  empty  side  is  necessary  for  this  arrange- 
ment but  it  provides  increased  storage  space  for  empty  cars  and  also 
a  convenient  way  for  shifting  broken  cars. 

12.  Handling  Men  on  Shaft  Bottom. — The  shaft-bottom  arrange- 
ments for  handling  men  depend  upon  whether  the  hoisting  shaft  for 
coal  is  used  also  for  hoisting  men,  or  whether  an  auxiliary  shaft  is 
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used  for  men  and  materials.  According  to  the  present  agreement  in 
Illinois  between  the  mine  operators  and  the  United  Mine  Workers 
of  America,  the  men  are  hauled  to  and  from  the  shaft  bottom  and 
inside  partings  of  the  mine.  Consequently,  greater  numbers  of  men 
may  be  expected  to  congregate  at  one  time  on  the  bottom  than  was  the 
case  when  the  men  walked  to  and  from  their  work.  This  condition 
should  be  taken  into  account  in  the  arrangement  of  the  shaft  bottom. 

When  the  men  are  hoisted  at  the  main  hoisting  shaft  it  is 
common  practice  to  run  a  man  cage  about  nine  o'clock  in  the  morning, 
one  or  more  during  the  noon  hour,  and  one  during  the  afternoon  when 
the  shot  firers  enter  the  mine.  These  are  in  addition  to  the  cages 
at  the  regular  morning  and  afternoon  lowering  and  hoisting  times. 
The  activity  on  the  shaft  bottom  during  the  working  hours  makes 
traveling  dangerous,  and  in  a  number  of  mines  special  traveling  ways 
are  provided  to  the  waiting  rooms  required  by  the  Illinois  Mine  Law 
so  that  men  are  kept  away  from  moving  cars. 

The  approach  to  the  hoisting  shaft  and  to  the  escape-way  at  the 
air  shaft  should  be  carefully  chosen  and  easy  of  access.  The  waiting 
rooms  are  usually  so  located  that,  in  passing  to  the  cage,  the  men  pass 
the  "checking"  room  and  turn  in  the  checks  given  them  on  entrance 
in  the  morning.  At  one  mine  a  waiting  room  has  been  made  by  placing 
flooring  about  seven  feet  above  the  main  tracks  and  providing  seats  in 
the  room  thus  made.  Such  an  arrangement  is  possible  of  course  only 
when  there  is  unusual  headroom  on  the  bottom.  Such  gathering  places 
for  men  offer  an  opportunity  for  the  display  of  safety  signs  and 
pictures.  Indeed,  moving  pictures  relating  to  safety  might  also  be 
shown  while  the  men  are  waiting  to  be  hoisted,  though  no  instance 
of  this  being  done  is  on  record. 

13.  Handling  Supplies,  Equipment,  and  Refuse. — /The  problem 
of  handling  equipment,  supplies,  broken  cars,  etc.  is  most  successfully 
solved  where  there  is  a  separate  man  and  materials  shaft,  which  is 
usually  the  air  shaft  also.  The  mines  provided  with  separate  hoists 
at  the  air  shaft  have  this  advantage  also  that  all  refuse  can  be  hoisted 
and  taken  to  the  dump  pile  without  either  interfering  with  the 
hoisting  of  coal  or  requiring  any  changes  of  chutes  in  the  tipple,  as 
is  necessary  when  the  same  self-dumping  cages  are  used  both  for  coal 
and  rock. 
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14.  Handling  of  Sump  Coal.— The  method  generally  employed 
for  removing  the  coal  that  falls  into  a  sump  is  to  have  it  hand  shoveled 
into  a  mine  car.  In  addition  to  the  inconvenience  of  this  method 
there  is  a  certain  amount  of  danger  attached  to  it.  due  to  uninten- 
tional lowering  of  the  cage  upon  the  man  in  the  sump  or  from  objects 
falling  down  the  shaft.  One  solution  of  this  problem  is  a  track  laid 
into  the  sump  under  the  cages  at  right  angles  to  the  cage  tracks.  Two 
mine  cars  are  run  into  this  sump,  one  under  each  cage.  When  they 
become  full  of  coal  they  are  withdrawn  and  replaced  by  empty  cars. 
Such  an  arrangement  is  possible  only  where  a  crosscut  or  entry  on 
the  cage  landing  opens  at  the  end  of  the  shaft,  and  where  the  conditions 
are  such  that  suitable  grading  may  be  done  in  order  that  the  cars  may 
be  hauled  from  under  the  cage. 

At  the  Bunsenville  Mine  of  the  U.  S.  Fuel  Company,  provision 
has  been  made  whereby  cars  may  be  run  under  the  cage  landing  and 
there  loaded  from  a  hopper  with  a  drop-bottom  attachment.  These 
cars  are  then  pushed  to  an  electrically  operated  auxiliary  hoist  and 
hoisted  a  distance  of  13  feet  to  the  shaft-bottom  level. 

At  some  mines  a  removable  box  with  a  drop  bottom  or  side  lias 
been  placed  in  the  samp  and  fitted  into  the  guides  so  that  when  full 
of  coal  it  can  be  attached  below  the  cage  and  hoisted  the  height  neces- 
sar}-  to  permit  the  contents  to  be  discharged  through  a  detachable 
chute  into  an  empty  car  on  the  shaft  bottom. 


15.  Arrangement  of  Offices,  Stables,  Shops,  and  Supply  Rooms. — 
At  many  mines  greater  attention  could  advantageously  be  given  to 
the  provision  of  larger  and  more  adequately  equipped  mine  man- 
ager's offices  on  the  shaft  bottom,  where  managers  and  their  assistants 
may  meet  for  consultation. 

Where  mules  are  used  they  are  generally  stabled  underground 
near  the  shaft  bottom.  The  construction  of  underground  stables  has 
been  specially  provided  for  in  the  Illinois  mine  law,  which  specifies 
a  separate  air  split,  fire-proof  construction  throughout,  automatic 
sprinklers,  fire-proof  doors,  covered  bins,  and  covered  cars  for  hay  and 
grain.  The  worst  accident  in  the  history  of  Illinois  mining,  the 
Cherry  mine  fire,  was  due  to  the  careless  handling  of  hay.  The 
standard  stable  of  one  large  company  operating  in  Saline  County  is 
shown  in  Fig.  9.    The  construction  of  this  stable  is  fire-proof  through- 


50  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

out,  consisting  of  steel  roof  support,  full-height  concrete  walls  and 
concrete  floors,  stall  partitions,  feed  boxes,  feed  bins,  and  harness 
rooms.  The  stable  feed  bins  and  harness  rooms  are  fitted  with  steel 
doors.  Separate  hay  and  grain  boxes  are  provided  for  each  stall, 
with  one  water  trough  for  two  stalls.  An  automatic  sprinkler 
system  is  installed  directly  over  the  feed  boxes.  The  stall  partitions 
are  built  of  concrete  42  inches  high,  topped  with  a  wire  screen  24 
inches  high.  Hooks  are  provided  at  each  stall  for  holding  the  harness 
when  not  in  use.  A  track  in  the  center  of  the  stable  is  used  for 
handling  supplies  and  loading  out  manure.  Additional  space  is  pro- 
vided for  washing  the  mules.  Drainage  is  provided  by  a  tile  conduit 
extending  under  the  full  length  of  the  stable.  Every  Saturday  the 
stable  is  thoroughly  washed  out  with  a  hose  and  thus  maintained  in 
a  sanitary  condition. 

The  central  point  for  storing  locomotives  over  night  or  during 
idle  periods  should  be  readily  accessible  from  the  different  sections 
of  the  mine.  The  locomotives  are  left  standing  along  the  main  tracks 
with  the  trolley  poles  down,  if  no  barns  are  provided  for  their 
storage.  Where  storage-battery  locomotives  are  used,  provision  is 
made  for  charging  stations  and  these  are  usual]}'  installed  in  a  special 
locomotive  barn. 

In  connection  with  locomotive  haulage,  it  is  becoming  more  and 
more  common  to  provide  on  the  shaft  bottom  a  fairly  complete  repair 
shop  in  which  there  are  often  one  or  more  motor  pits.  Moreover,  time 
might  be  saved  where  gathering  locomotives  are  used,  by  establishing 
at  central  points  in  the  inner  workings  auxiliary  repair  shops  fitted 
with  motor  pits  for  minor  repairs.  This  has  been  done  at  one  mine 
in  Saline  county  in  connection  with  an  underground  sub-station.  For 
line  repairs  and  bonding  of  the  rails  and  also  for  certain  minor  repairs 
to  locomotives,  a  specially-equipped  portable  repair  car  may  be  main- 
tained. 

Usually  broken  cars  are  hoisted  and  taken  off  at  the  ground  land- 
ing to  be  repaired  in  the  repair  shop  on  the  surface;  but  at  a  few 
mines  provision  has  been  made  for  making  small  repairs  to  mine  cars 
underground,  particularly  to  the  running  gears,  couplings,  draw- 
bars, etc.  A  repair  room  for  this  purpose  is  sometimes  located  near 
to  and  connected  with  the  empty-storage  track. 


Fig.  9.    Underground  Stable 
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Fig.  10.     Underground  Supply  Room 
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The  following-  is  a  report  of  locomotive  repair  items  for  one  clay 
at  one  of  the  larger  mines  in  Illinois  where  7  main-line  and  19  gathering 
locomotives  are  used. 

Main-Line  .        •  Time  Spent  in 

_  ,.  Nature  of  Repairs  t,       •    0u„ 

Locomotives  .  Repair  Shop 

No.  21  Arc  lights 0  Hr.     15  Min. 

21  Suspension  bar   down 0  55 

Gathering  1  10 
Locomotives 

Xo.  26  Eeel  ball  race 2  30      . 

9  Reel  circuit  ground 0  15 

8  New  trolley  pole 0  10 

16  Reel  stud  broken 0  30 

23  Reel   resistance 0  52 

26  Short   circuit 0  21 

24  Lead  off  resistance 0  12 

7  Sand-rod  broken 0  8 

22  •   New  reel  armature 0  20 

4  New  reel  armature '■'<  0 

5  Lead  blown  off  reel  motor        .      .      .      0  :;2 
12             New  trolley  pole 0  15 

5  Resistance  blown  up 1  0 

9  Hr.  47  Min. 
Some  companies  maintain  near  the  shaft  a  room  well  equipped 
with  supplies  needed  in  connection  with  the  operation  and  repair  of 
mining  machines  and  locomotives.  (Fig.  10.)  Such  a  supply  room, 
usually  in  charge  of  a  storekeeper  who  checks  out  materials  by  a  system 
similar  to  that  generally  used  on  the  surface,  aids  materially  in  keeping 
account  of  the  repairs  upon  each  mining  machine  or  locomotive.  Oil 
and  grease  are  sent  underground  in  barrels  and  are  usually  stored  in 
an  offset  to  the  empty  run-around  near  the  oiling  station.  On  account 
of  the  fire  risk  special  precautions  should  be  taken  when  handling  and 
storing  this  material.  Considerable  sand  is  used  daily  in  some  of  the 
mini's,  at  one  mine  eight  tons  per  day  being  used  for  sanding  the  rails. 
The  usual  method  of  handling  the  sand  is  to  dry  it  on  the  surface 
and  then  send  it  below  in  mine  cars  for  distribution  to  central 
points.  Sometimes  a  pipe  through  a  bore-hole  from  the  surface  carries 
the  sand  to  a  central  distribution  point  near  the  shaft  bottom. 

16.     Shaft-Bottom    Support. — In    some    mines    where   there   are 
favorable  natural  roof  conditions  and  an  ample  height  of  coal,  very 
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little  supporl  to  the  top  and  sides  is  necessary';  bul  in  mosl  mines 
a  large  amount  of  roof  and  side  support  musl  be  used.  Much  greater 
permanency  now  marks  shaft-bottom  construction  than  formerly  and 
in  many  of  the  more  recent  shaft  bottoms  concrete  arches  or  steel 
I-beams,  with  wood  lagging  or  concrete  roofing  between  the  beams. 
have  been  installed  on  the  shaft  bottom  as  part  of  the  initial  develop- 
ment. Concrete  sides  serve  the  double  purpose  of  sustaining  the 
roof  supports  and  the  coal  ribs. 

Three  types  of  permanent  construction  are  shown  in  Fig.  11. 
In  the  first  type  (a  and  6)  structural  steel  is  used  for  the  posts  and 
the  caps,  with  plank  lagging  on  vails  and  roof.  In  the  second  type 
(c  and  d)  concrete  is  used  for  the  walls,  structural  steel  for  the  caps, 
and  the  lagging  is  either  plank  or  corrugated  or  sheet  iron.  In  the 
third  type  (e)  concrete  is  used  exclusively  for  the  walls  and  the  roof, 
the  roof  being  an  arch. 

Cost  figures  for  these  three  general  types  of  support  have  been 
furnished  by  Allen  &  Garcia,  Chicago,  Illinois,  the  -estimates  being 
based  upon  the  average  cost  of  the  various  materials  in  place  as  of 
August  1,  1921,  and  upon  sets  being  placed  at  4-feet  centers.  The 
constructions  illustrated  are  calculated  to  withstand  top  pressures  of 
750  pounds  per  square  foot  and  side  pressures  of  500  pounds  per 
square  foot.  Concrete  is  estimated  as  costing  $30  per  cubic  yard; 
structural  steel,  8  cents  per  pound ;  iron,  10  cents  per  square  foot ; 
and  lumber,  $65  per  thousand  board  feet. 

For  a  shaft  bottom  or  double-track  entry,  Fig.  11a,  using  6-inch 
H-beams  for  posts  and  12-inch  I-beams  for  caps,  the  cost  was  approxi- 
mately $24  per  lineal  foot. 

For  a  single-track  entry,  supported  exclusively  by  structural 
steel,  Fig.  11&,  6-inch  H-beams  are  used  for  both  posts  and  caps.  The 
estimated  cost  per  lineal  foot  was  approximately  $18. 

In  the  second  general  type  of  construction,  for  both  single-track, 
Fig.  lie,  and  double-track,  Fig,  lid,  with  walls  18  inches  thick  at 
the  bottom  and  12  inches  thick  at  the  top,  and  using  for  the  narrow 
entry  6-inch  I-beams  for  caps,  and  for  the  double-track  entry  12-inch 
I-beams,  the  cost  per  lineal  foot  in  the  two  widths  of  entry  was  re- 
spectively $25  and  $30. 

For  the  third  type,  Fig.  lie,  in  which  concrete  is  used  exclusively 
with  walls  of  the  same  thickness  as  in  the  preceding  type  and  the 
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arch  Uniformly  8  inches  thick,  the  cost  per  lineal  foot  was  approxi- 
mately $31  for  the  dimensions  given. 

A  coating  of  cement  put  on  roof  and  ribs  with  a  cement  gun  is 
being  extensively  experimented  with  in  an  effort  to  prevent  spalling 
off  of  the  coal.  This  cement  coating  should  not  be  applied  until  the 
roof  and  ribs  have  been  thoroughly  brushed  or  cleaned  to  remove  all 
dust  and  loose  fragments  of  coal,  thus  ensuring  a  solid  foundation 
for  the  cement,  which  would  otherwise  spall. 

17.  Typical  Shaft -Bottom  Plans. — -Typical  shaft-bottom  plans 
for  several  Illinois  mines  are  shown  in  Figs.  12  to  18,  inclusive.  A 
characteristic  feature  of  the  bottoms  in  most  of  the  newer  mines  in 
Illinois  is  that  the  shafts  are  in  the  shaft  pillars  off  from  the  lines  of 
main  haulage  and  the  tracks  leading  to  and  from  the  shafts  are 
approximately  at  a  right  angle  to  the  main  haulageways.  This  is 
illustrated  in  Fig.  13  and  is  commonly  known  as  the  "A"  type  of  shaft 
bottom.  If  the  empty  tracks  leading  from  the  back  of  a  shaft  to  the 
main  haulageway  are  not  parallel  to  the  incoming  loaded  tracks,  but 
at  an  angle  of  30  deg.  to  15  deg.,  as  shown  in  Fig.  15,  the  bottom  is 
said  to  be  of  the  "V"  or  triangular  type. 

Data  on  the  general  layout,  operation  and  cost  of  operation  for 
ten  mines  are  given  in  Table  3.  A  detailed  description  of  the 
particular  features  of  the  plans  and  the  methods  of  operation  follows. 
The  term  "bottom  men"  as  used  in  this  bulletin  includes  the  men 
engaged  in  handling  the  loaded  cars,  i.e.,  cagers,  spraggers,  switchers, 
and  couplers  but  not  the  oilers  and  sump  men  who  work  on  the  bottom, 
but  do  not  handle  the  cars.  The  costs  are  based  on  the  1920  wage 
scale  as  follows :  motormen,  $7.50  per  day  with  an  additional  allow- 
ance for  hauling  men  to  and  from  the  partings,  making  the  wage 
about  $8.03  per  day;  trip  riders  and  cagers,  $7.50:  couplers,  switchers, 
spraggers,  $7.25. 

Mine    A 

This  shaft  bottom  (Fig.  12)  has  a  three-track  arrangement  on  each 
side  of  the  shaft.  The  main-line  locomotive,  upon  reaching  the  shaft 
bottom  with  a  trip  of  loaded  cars,  is  stopped  at  the  point  a  and  the 
locomotive  cut  off.  A  ground  switch  is  thrown  In*  the  trip  rider  who 
then  gets  back  upon  the  locomotive,  which  proceeds  to  the  empty 
storage  track.     A  six-ton  auxiliary  locomotive  (Fig.  6),  which  is  on 
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Fig.  12.     Map  of  Shaft  Bottom — Mine  A 


the  middle  track  and  is  provided  with  an  extension  arm,  then  moves 
the  trip  under  complete  control  to  the  shaft  where  it  is  caged  by  an 
automatic  eager. 

On  the  empty-car  side  of  the  shaft  another  six-ton  locomotive 
with  a  movable  arm  collects  the  empty  cars  as  they  come  from  the 
cage  and  places  them  on  the  empty-storage  tracks.  In  this  mine,  14 
locomotives  haul  directly  from  the  working  face  to  the  shaft  bottom, 
seven  coming  from  the  north  and  seven  from  the  south  side  of  the 
mine.  At  the  same  mine,  the  double  track  extends  for  2500  feet  on 
the  main  haulage  entry  in  each  direction  from  the  shaft  bottom.  This 
permits  the  locomotives  to  proceed  on  their  return  empty  trip  without 
interruption  from  the  incoming  loaded  trips.  This  double-track 
arrangement  also  permits  the  entire  number  of  locomotives  if  necessary 
to  concentrate  near  the  shaft  bottom  with  loaded  trips,  giving  in  effect 
a  very  large  loaded-storage  capacity  which  may  include  every  car  in 
the  mine  without  interfering  with  the  empty  return  tracks.  The 
empty-car  storage  shown  in  Fig.  12  is  ample  for  ordinary  operation 
of  the  mine  and  provides  for  the  storage  of  about  45  cars  on  each  side 
of  the  shaft.  Delays  on  the  bottom  at  this  mine  are  small  although 
an  average  of  1125  cars  are  hoisted  daily,  the  empty  cars  weighing 
2750  pounds  and  holding  4  tons  of  coal.  The  shaft-bottom  force 
handling  cars  includes  1  eager,  3  spraggers,  2  couplers  and  1  car  dis- 
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Fig.  13.     Map  of  Shaft  Bottom — Mine  B 

tributor,  at  a  total  daily  wage  of  $51  according'  to  the  1921  wage 
scale,  or  1.13  cents  per  ton. 

Mine  B 

On  this  shaft  bottom  (Fig.  13)  two  tracks  lead  to  and  from 
the  shaft.  The  main-line  locomotives  usually  cut  off  from  the  trips 
at  a  point  a  about  100  feet  from  the  shaft  and,  after  passing  through 
a  switch  that  is  automatically  thrown,  proceed  through  the  motor 
run  cross-cut  b.  From  the  point  a  to  the  automatic  cagers  at  the 
shaft  the  loaded  cars  are  controlled  by  spraggers.  The  empty  cars 
are  run  by  gravity  to  a  kick-back  and  thence  to  the  empty-car  storage 
track  where  they  are  formed  into  trips  ready  for  the  locomotives 
that  come  through  the  motor  run  1).  Of  the  six  locomotives  that  come 
to  the  shaft  bottom,  four  are  of  the  15-ton  type  and  are  used  for 
main-line  haulage  only,  while  the  remaining  two,  which  are  of  the 
8-ton  reel-and-trolley  type,  are  used  for  gathering  as  well  as  for 
main-line  haulage. 

From  1200  to  1500  cars  are  caged  per  day  on  this  bottom. 
Occasionally  there  is  some  congestion  when  the  trips  reach  the  bottom 
in  rapid  succession,  due  to  lack  of  empty-storage  space  and  ;i  single 
track  on  the  main  haulage  roads.  This  congestion  could  be  obviated 
by  double-tracking  the  main  haulage  roads  for  a  distance  of  "JIM)  to 
300  feet  inbye  from  said  junction  with  the  empty-storage  tracks,  and 
by  increasing  the  empty-storage  trackage.  This  could  be  accomplished 
by  cutting  off  the  locomotive  al  the  point  c  and  having  it  go  through 
the  cross-cut  <l.  the  loaded  cars  being  controlled  from  c  to  the  eager 
by  spraggers. 
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The  average  daily  tonnage  hoisted  at  this  mine  is  5200  tons  or 
1245  cars,  each  holding  4.3  tons.  The  average  hoists  per  hour  are 
155  and  the  bottom  employees  are  4  cagers,  6  spraggers  and  blockers, 
2  couplers,  and  1  car  distributor  and  switcher.  The  total  daily  wage 
according  to  the  scale  prevailing  in  1921  was  $95.25,  giving  a  shaft- 
bottom  labor  cost  per  ton  of  1.83  cents. 

Mine  C 
The  bottom  arrangement  (Fig.  14)  provides  for  a  separate 
haulage  way  to  each  of  the  four  sections  of  the  mine  1,  2,  3  and  4. 
There  are  two  tracks  on  each  side  of  the  shaft,  and  after  the  locomo- 
tive is  cut  off  at  the  point  a  the  cars  are  moved  to  the  shaft  by  spraggers 
and  automatic  cagers.  The  main-line  locomotives  approach  the  inbye 
end  of  the  shaft  bottom,  6,  by  different  routes,  but  all  of  them  are 
detached  from  the  loaded  trips  at  the  point  a  and  pass  through  the 
motor  runs,  c,  to  the  empty  storage  tracks.  At  two  places,  e,  where 
crossings   are   necessary,    overhead   bridges    permit   the    loaded   trips 


Fig.  14.     Map  of  Shaft  Bottom — Mine  C 
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Fig.  15.     Map  of  Shaft  Bottom — Mine  D 


to  pass  over  the  empty  trips.  From  the  junction  points,  /,  of  the 
loaded  and  empty  tracks  the  haulage  roads  inbye  are  single  track. 
The  two  ' '  proposed  tracks ' '  parallel  to  the  main  bottom  were  intended 
as  an  extra  locomotive  run-around  for  sections  2  and  3,  but  they  have 
not  been  needed  to  date. 

The  empties  run  by  gravity  from  the  cage  to  the  empty  storage 
track,  d,  where  they  are  coupled  to  the  empty  trips. 

With  this  arrangement  a  daily  output  of  4500  tons  or  860  cars, 
each  holding  5.25  tons  of  coal,  is  handled  with  1  eager,  2  spraggers,  1 
coupler,  and  1  switcher,  at  a  daily  labor  cost  of  $36.50  or  0.81  cents 
per  ton. 

Mine    D 

The  roads  leading  to  the  shaft  bottom  (Fig.  15)  are  single-track 
and  the  locomotives  are  cut  off  along  the  main  entry  at  a  and,  by 
flying  a  switch,  run  upon  the  parallel  side  track  b.  After  the  trip  has 
passed  the  motorman  brings  the  locomotive  up  behind  the  trip  and 
pushes  it  to  the  automatic  eager  if  this  be  necessary,  or  the  trip  may 
have  sufficient  momentum  to  run  to  the  eager  and  may  have  to  be 
controlled  by  sprags.  The  locomotive  backs  to  the  junction  joint  in 
the  empty-storage  track,  c,  and  there  picks  up  the  empty  trip.  A 
mechanical  car-lift  and  kick-back  sends  the  empties  by  gravity  to  the 
empty-storage  track,  d. 
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Two  locomotives  operate  in  each  of  the  cast  and  west  sections 
of  the  mine.  Movements  of  trips  to  and  from  the  shaft  bottom  are 
controlled  by  telephone  communication  from  the  several  partings  to 
the  haulage  boss  who  knows  that  the  road  is  clear  before  giving  the 
right-of-way ;  thus  only  one  locomotive  from  each  section  is  permitted 
on  the  shaft  bottom  at  one  time. 

Five  thousand  tons  or  1440  cars  per  day  are  handled  on  this 
bottom  by  8  men,  3  cagers,  2  spraggers,  2  couplers,  and  1  switcher, 
at  a  total  labor  cost  per  day  of  $58.75  or  1.18  cents  per  ton. 

Mine  E 
This  shaft  bottom  is  that  shown  in  Fig.  1G.  The  locomotives 
are  detached  from  the  loaded  trips  on  the  main  entries,  the  loaded 
cars  proceeding  by  gravity  to  the  shaft  under  control  of  sprags. 
Caging  is  done  by  hand.  The  empty  cars  are  elevated  by  a  mechanical 
car-lift  and  run  by  gravity  from  a  kick-back  switch  to  the  empty- 
storage  track.  The  daily  output  is  1600  cars  or  a  total  of  3800  tons. 
The  shaft-bottom  force  includes  3  cagers,  3  spraggers,  2  couplers,  and 
3  switchers  at  a  total  daily  labor  cost  of  $82.50,  or  2.17  cents  per  ton. 

Mine    F 
The  shaft-bottom  arrangement  is  similar  in  general  to  Mine  A, 
but  the  loads  are  pushed  by  ten-ton  locomotives  operating  on   the 
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Fig.  17.     Map  of  Shaft  Bottom — Mine  I 


middle  of  three  tracks  instead  of  by  a  six-ton  locomotive  as  in  Mine  A. 
Only  two  locomotives  come  to  the  bottom,  one  from  each  side  of  the 
mine,  and  a  combined  main  and  gathering  system  is  used ;  whereas 
in  Mine  A  the  locomotive  hauls  directly  from  the  working  face  to  the 
bottom,  the  trains  consisting  of  from  10  to  20  cars.  The  empty  cars 
are  elevated  by  an  electrically  operated  drag-line  and  then  run  by 
gravity  to  the  empty-storage  track. 

With  the  present  arrangement,  and  hoisting  per  day  800  cars 
that  hold  4.5  tons  each,  the  labor  force  is  1  eager,  3  spraggers,  2 
couplers,  and  1  switcher.  The  total  labor  cost  is  $51.00  per  day,  or 
1.42  eents  per  ton. 


Mine    G 

The  shaft  bottom  is  triangular  in  shape,  similar  to  that  shown  in 
Fig.  15.  There  are  two  tracks  on  the  shaft  bottom  and  cars  are  con- 
trolled by  spraggers  after  the  locomotive  is  cut  off.  On  the  main 
east  approach  there  is  a  slight  up-grade,  and  a  small  electric  drag-line 
is  employed  to  pull  the  loads  a  short  distance  upon  the  main  track. 
An  automatic  eager  is  used  and  the  empty  cars  run  from  the  cage 
to  the  empty-storage  track  by  gravity.  The  location  of  the  motor 
run  is  similar  to  that  in  Mine  B  and  the  emptj'-storage  tracks  extend 
beyond  the  shaft,  as  in  Mine  C. 

For  an  output  of  2600  tons  per  day,  or  800  cars  of  3.3  tons 
capacity,  the  labor  force  is  2  cagers,  3  spraggers,  1  coupler,  and  1 
switcher,  at  a  labor  cost  of  $51.25  per  day  or  1.97  cents  per  ton. 
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Mine    H 

This  shaft  bottom  is  similar  to  Fig.  13.  The  daily  output  of 
3400  tons  is  handled  in  cars  holding  3.25  tons  each,  by  1  eager,  2 
spraggers,  2  couplers  and  1  switcher,  at  a  total  shaft  bottom  labor 
cost  of  $43.75,  or  1.29  cents  per  ton. 

Mine    I 

This  shaft  bottom,  Fig.  17,  differs  from  the  A  or  V  type  commonly 
used  in  Illinois,  as  the  hoisting  shaft  is  in  line  with  the  main  entries 
that  extend  east  and  west  from  it.  Coal  is  hauled  to  the  shaft  bottom 
from  both  directions,  but  caging  is  done  from  the  west  side  of  the 
shaft  only.  The  locomotives  are  detached  from  the  loaded  trips  from 
the  west  at  one  of  two  points  a  and  obtain  their  empty  trips  at  b.  The 
loaded  trips  from  the  east  are  pulled  past  the  shaft  on  track  c  and 
backed  in  on  the  loaded  tracks  at  a.  The  locomotives  that  are  hauling 
to  the  east  side  go  along  c  to  the  entrance  to  the  empty  storage,  d, 
to  obtain  their  empty  trips. 

The  repair  shops  are  conveniently  located  on  the  west  side  of 


Fig.  18.     Map  of  Shaft  Bottom — Mine  J 
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the  shaft,  and  the  motor  bam  in  which  is  the  charging  station  for 
the  storage-battery  locomotives,  on  the  east  side  of  the  shaft.  A  switch 
is  provided  near  the  shaft  for  sidetracking  cars  for  oiling. 

For  an  output  of  4000  tons  per  day,  or  1330  ears  each  holding 

3  tons,  the  labor  force  is  1  eager,  3  spraggers,  1  switcher,  and  1  coupler, 
and  the  total  cost  per  day  $43.75  or  1.09  cents  per  ton. 

Mine  J 
Fig.  18  is  a  sketch  of  a  shaft  bottom  somewhat  similar  to  thai 
in  Mine  E.  Here,  however,  the  entries  are  parallel.  The  empty  cars 
can  be  hauled  out  along  either  of  the  main  entries  to  the  north  or  to 
the  south.  The  daily  production  averages  3200  tons  and  is  hoisted 
at  the  rate  of  134  cars  per  hour  with  a  shaft-bottom  force  of  1  eager, 

4  spraggers,  1  coupler  and  1  switcher,  at  a  daily  labor  cost  of  $51.00 
or  1.59  cents  per  ton. 

18.  Shaft-Bottom  Delays. — At  one  mine  a  detailed  study  of 
delays  on  the  bottom  was  made  for  one  day.  and  the  results  are  plotted 
in  Fig.  19.  Starting  at  7:00  a.m.,  as  shown  by  the  diagram,  there 
were  78  loaded  cars  on  the  bottom  ready  to  be  hoisted.  There  were 
also  8  empties.  The  loads  were  hoisted  by  7:40  but  the  first  trip 
did  not  reach  the  bottom  until  7:57,  thus  causing  a  delay  of  17 
minutes.  The  diagram  also  shows  delays  in  hoisting  extending  from 
8:20  to  8:30;  8:50  to  9:00:  11:11  to  11:15,  due  to  no  cars  being 
received  on  the  bottom.  Eight  times  during  the  forenoon — at  8:05, 
8:09,  8:35,  9:07,  9:15,  9:31,  9:40  and  9:56— the  diagram  shows  that 
the  incoming  trips  reached  the  bottom  just  as  the  lasl  car  was  hoisted. 
thus  probably  causing  a  slight  slowing  up  in  the  hoisting.  The 
number  of  cars  in  each  trip  is  shown  by  vertical  components  of  the 
graph.  For  instance,  at  7:57  the  first  trip  of  12  cars  was  lauded  at 
the  locomotive  cut-off  point.  As  shown  by  the  number  in  the  circle, 
the  locomotive  was  standing  still  one  minute  before  proceeding  through 
the  motor  run.  Letters  N  and  8  indicate  the  side  of  the  mine  from 
which  the  trips  arrived.  Occasionally  trips  arrived  simultaneously 
from  both  sides  of  the  mine,  as  at  11  :19  a.m. 

On  the  day  when  this  time  study  was  carried  ou1  (>1  trips  came  to 
the  shaft  bottom.  The  24  trips  with  a  total  of  357  cars  from  the  A 
side- were  delayed  1  hour  1!»  minutes,  and  the  37  trips  with  878  cars 
from  the  S  side  were  delayed  3  hours  24  minutes;    that   is.  the  loco- 
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Fig.  20.     Map  of  Shaft  Bottom  for  Skip  Hoisting 

motives  waited  a  total  of  4  hours  43  minutes  before  proceeding  from 
the  cut-off  point  to  the  empty-storage  track. 


19.  Shaft  Bottoms  for  Skip  Hoisting. — Prior  to  1917  there  were 
in  Illinois  only  three  installations  at  which  skip  hoists  were  used.  Two 
of  these  were  at  small-capacity  mines  and  the  end-gate  type  of  car 
was  used ;  the  third  mine  had  an  average  daily  production  of  between 
three  and  four  thousand  tons  and  a  bottom-dump  car  was  used. 

Since  1918  there  have  been  opened  several  large  shaft  mines  in 
which  skips,  rotary  dumps,  and  solid-end  cars  are  installed.  The 
capacity  of  these  skips  is  between  10  and  12  tons.*  At  one  of  the 
mines  noted,  a  trial  record  of  1000  tons  in  one  hour  was  obtained  in 
1920.  The  rotary  dump  permits  the  use  of  the  solid-end  car,  thus 
giving  a  more  rigid  construction,  one  of  the  greatest  sources  of  trouble 
in  mine-car  construction  being  the  loose  end-gate;  it  also  simplifies 
track  layout  as  the  car  may  be  run  in  either  direction.  Thus,  at  one 
mine  the  track  laj'out  is  such  that  the  position  of  a  car  on  alternate 


*A  detailed  discussion  of  skip  hoisting  will  be  found  in  an  article  by  Allen  and  Garcia 
in  the  Trans.  Am.  Inst.  Min.  &  Met.  Engr.  for  1921.  reprinted  in  "Coal  Age,"  March  17  and 
24,   1921. 
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trips  from  the  shaft  bottom  to  the  face  is  reversed,  which  could  not 
be  the  case  with  the  ordinary  self-dumping  cage  layout. 

The  average  shaft  bottom  arrangements  for  several  mines  at  which 
skips  are  used  are  shown  in  Fig.  20.  As  all  these  mines  are  still  in 
the  development  stage,  costs  per  ton  for  handling  coal  on  the  bottom 
are  not  yet  available. 

The  locomotives  coming  to  the  shaft  bottom  are  detached  from 
their  trips  at  points  a,  passing  thence  into  the  empty-return  entries, 
while  the  loaded  cars  move  toward  the  main  shaft  under  control  of  a 
pusher  locomotive  or  shunter  traveling  on  the  auxiliary  track  c.  All 
loads  pass  the  hoisting  shaft  over  a  single  track  and  through  a  rotary 
dump.  The  empties  return  from  b  through  the  return  entries  to  be 
picked  up  by  the  locomotives  and  hauled  back  to  the  workings  through 
entries  d.  Double  trackage  in  &  permits  a  continuous  influx  of  empty 
cars  without  interruptions  due  to  outgoing  enipty  trips.  The  auxiliary 
or  air  shaft  is  conveniently  located  on  the  main  haulage  entry  for 
cage  hoisting  when  necessary.  Fig.  21  shows  in  vertical  cross-section 
a  typical  skip-hoisting  equipment,  including  rotary  dumps,  storage 
hopper,  and  automatic  measuring  hopper. 

The  shaft  bottom  at  one  skip  mine  includes  a  rotary  car-dumper 
and  skip  hoist  for  a  capacity  of  7000  to  8000  tons  daily.  The  mine 
is  divided  into  four  sections,  northeast,  northwest,  southeast,  and 
southwest.  On  the  west  side  of  the  shaft  the  locomotives  cut  off,  pass 
through  a  run-around,  obtain  their  empty  trips  in  the  back  entry,  and 
then  proceed  westward  along  the  back  entry  to  the  main  west  haulage 
roads.  From  the  east  side  of  the  mine  the  loaded  trips  are  pulled  past 
the  shaft  along  the  back  entries  to  the  west  main  shaft  approach.  The 
locomotives  are  detached  at  the  same  point  as  are  those  from  the 
west,  then  pass  through  the  run-around  to  the  back  entry  where  they 
obtain  their  empty  trips  and  proceed  directly  to  the  northeast  or 
southeast  portions  of  the  mine.  Loaded  cars  are  handled  singly  by 
a  mechanical  car-haul  to  the  weigh  scale.  A  special  track  is  provided 
for  switching  broken  cars.  All  material  is  handled  at  the  auxiliary 
hoist  shaft  located  to  the  west  of  the  main  shaft.  The  installation  is 
made  complete  by  a  motor-generator  room  and  necessary  repair  and 
supply  shops  near  the  auxiliary  hoist  shaft. 

At  another  mine  the  shaft-bottom  arrangement  includes  a  skip 
hoist  for  the  coal  and  an  auxiliary  air-and-materials  shaft  provided 
with  cages.   •  The  main-line  haulage  locomotives  cut  off  in  the  main 
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Fig.  21.     Vertical  Cross  Section — Skip-Hoisting  Shaft 


entry  and  go  through  the  empty  run-around  to  the  empty-storage 
track  back  of  the  shaft.  A  pusher  locomotive  pushes  the  loaded  trip 
toward  the  shaft  as  described  in  connection  with  Mine  A,  page  5G. 

The  empty  side  of  the  shaft  beyond  the  skip-jut  is  provided  with 
two  tracks  so  that  the  empty  ears  can  continue  to  pass  to  the  storage 
tracks,  even  though  the  locomotive  may  be  pulling  out  an  empty  trip. 
The  auxiliary  shaft  is  so  located  that  cars  may  be  conveniently  sent 
from  the  main  haulage  to  the  cages  or  returned  from  the  cages  to  the 
main  haulage. 

The  arrangement  at  still  another  skip  mine  provides  for  the  loaded 
cars  to  be  detached  along  the  main  haulage  road  at  a  point  where  the 
locomotive  enters  the  cross-cut  leading  to  the  empty  run-around,  and 
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the  loaded  trip  continues  to  the  dump  by  gravity,  assisted  by  three  car- 
hauls.  These  hauls  arc  electrically  driven  and  operated  by  one 
dump-man  located  near  the  shaft.  On  the  empty-storage  side  the 
locomotive  is  coupled  to  the  end  of  the  trip  and,  after  the  cars  have 
passed  through  the  car-dump,  pulls  it  toward  a  switch,  then  pushes 
it  through  one  of  the  cross-cuts  at  the  right  or  left  to  the  empty 
tracks  where  the  main-line  locomotives  receive  their  trips.  Instead 
of  using  car-hauls  on  the  loaded  side  of  the  shaft  and  a  locomotive 
on  the  empty  side,  the  same  arrangement  of  tracks  can  he  used  and 
the  loads  carried  by  gravity  to  the  dump,  while  the  locomotive  may 
pass  through  the  run-around  and  take  the  empty  trip  from  the  tracks 
back  of  the  shaft.  An  arrangement  of  tracks  at  the  auxiliary  shaft 
is  such  that  the  coal  may  be  caged  from  either  side  of  the  shaft  and 
the  empty  cars  returned  to  the  same  side  from  which  they  were  caged. 
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IV.     Main  Line  and  Gathering  Haulage 

20.  General  Considerations. — Main-line  haulage  means  that  por- 
tion of  the  haulage  system  between  the  shaft  bottom  and  the  gathering 
partings  where  the  cars  are  collected  from  the  rooms  and  made  into 
trips. 

The  questions  to  be  considered  in  connection  with  the  main  haul- 
age are,  therefore,  supply  of  ample  power,  condition  and  grade  of 
track,  kind  and  condition  of  equipment  (such  as  locomotives  and 
cars),  speed  of  travel,  suitable  and  properly-spaced  turnouts  or  pass 
partings  when  single  track  is  used,  maintenance  of  a  schedule  of 
trips  that  will  cause  a  minimum  of  delay  at  the  terminal  point  and 
at  the  pass  partings,  and  prevention  of  accidents. 

The  data  for  the  mines  studied  show  that  the  time  spent  by  the 
locomotives  on  the  main  line  is  generally  less  than  that  consumed 
in  making  up  trips  on  the  partings,  delivering  loaded  trips  on  the 
bottom,  and  picking  up  empty  trips  on  the  bottom  for  return  to  the 
parting,  providing  the  main-line  haulage  distance  is  not  more  than 
one  mile.  The  workings  from  which  each  locomotive  receives  the 
cars  should  be  concentrated  so  that  the  locomotive  does  not  have  to  go 
to  widely  separated  gathering  partings.  There  should  also  be  an 
adequate  reserve  of  empty  cars  on  the  shaft  bottom  so  that  the  in- 
coming locomotives  are  not  required  to  wait  for  their  return  trips. 

Satisfactory  performance  on  the  main  haulage  is  not  so  much  a 
factor  of  speed  of  running  as  it  is  of  continuous  and  regular  operation. 
If  the  haulage  system  is  properly  laid  out  and  operated,  a  high  speed 
of  haulage  is  unnecessary.  A  slow,  uniform  speed  gives  increased 
safety  to  employees,  both  to  those  engaged  in  haulage  and  to  others 
who  may  be  compelled  to  use  the  haulage  roads.  A  conservative  speed 
results  also  in  less  spillage  of  coal  along  the  track,  less  raising  of 
dust,  and  less  cost  for  repairs  to  equipment.  Usually  a  maximum 
speed  of  six  to  eight  miles  per  hour  can  be  adopted  with  increased 
safety.  Only  occasionally  need  the  trips  be  run  at  higher  speeds,  as 
when  making  up  time  lost  through  unusual  or  irregular  causes. 

The  trolley  type  of  locomotive  is  generally  used  for  main-line 
haulage  and  is  fairly  well  standardized  for  the  conditions  thai  exist 
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in  Illinois  mines.  The  locomotives  vary  from  6  to  20  tons  in  weight, 
many  of  the  recent  installations  being  of  the  15-ton  type.  In  the  larger 
mines  as  the  length  of  main-line  haul  increases  the  size  of  the  locomo- 
tive used  for  this  duty  also  increases;  because  generally  the  greater 
the  capacity  per  locomotive  the  smaller  number  required  for  a  given 
tonnage,  provided  the  haulage  layout  is  properly  designed  and  there 
are  ample  side-tracks.  During  a  shift  of  eight  hours  and  under  suit- 
able operating  conditions,  a  15-ton  locomotive  should  easily  haul  on  the 
main  line  from  1500  to  2000  tons  of  coal  a  distance  of  one  mile,  but 
as  shown  in  Table  4  this  is  being  done  in  very  few  of  the  mines 
studied. 

Generally  the  main-line  haulage  and  gathering  are  kept  separate. 
At  a  few  mines,  however,  the  locomotives  used  on  the  main  haulage 
also  gather  from  the  faces  and  thus  run  directly  from  the  faces  to 
the  shaft  bottom  with  comparatively  small  trips  of  cars. 

21.  Location  of  Partings. — In  connection  with  the  gathering  of 
the  cars  from  the  rooms,  the  location  of  the  partings  with  respect  to 
the  room  entries  materially  affects  the  efficiency  of  both  gathering  and 
main  haulage. 

It  is  important  that  the  work  of  gathering  be  concentrated  so  as  to 
reduce  the  number  of  partings,  the  number  of  cars  required,  and  the 
distance  that  either  mules  or  locomotives  must  travel  in  unproductive 
work.  The  partings  should  be  so  advanced  that  they  will  always  he 
within  a  certain  standard  distance  of  the  working  face.  This  distance 
varies  widely  in  different  mines,  but  for  mule  haulage  it  is  generally 
about  800  to  1200  feet  and  for  locomotives  800  to  2000  feet.  In  some 
mines  the  partings  are  placed  centrally  with  respect  to  four  panels, 
the  cars  being  back-hauled  from  two  panels  to  the  parting.  The  dis- 
advantage of  back-hauling  from  the  older  panels,  in  which  there  may 
be  only  a  few  rooms  working,  may  be  more  than  compensated  for  by 
the  advantages  given  to  newly  developed  territory  from  which  the 
bulk  of  the  hauling  is  done.  Thus  each  time  a  parting  is  moved, 
whether  it  be  after  intervals  of  two,  three  or  more  years,  the  point 
should  be  selected  to  insure  the  greatest  return  for  the  expense  in- 
volved; that  is,  it  should  be  as  close  as  possible  to  the  "center  of 
production ' '  of  the  tonnage  to  be  produced  during  a  given  installation 
period.  Partings  are  made  either  by  widening  a  single  track  entry  so 
that  a  double  track  may  be  installed  or  by  driving  an  extra  passage  in 
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Fig.  22.     Typical  Plan  of  Mine  Partings 


the  pillar  as  shown  in  Fig.  22,  which  shows  also  a  diagonal  arrange- 
ment at  the  entry  crossings.  Fig.  23  shows  the  diagonal  connection 
between  entries  at  a  prominent  mine. 

22.  Procedure  of  Gathering. — The  methods  of  distributing  cars 
to  and  gathering  them  from  the  rooms  vary  with  the  method  of  work- 
ing, the  agreement  between  operators  and  miners,  the  track  arrange- 
ment, and  the  weight  of  the  car.  In  Illinois,  although  each  miner  is 
assigned  a  definite  room,  two  men  usually  load  together  in  one  room 
while  an  adjoining  room  is  being  undercut,  so  that  on  any  day,  even 
if  the  entire  working  force  of  miners  is  busy,  coal  will  be  loaded  in 
only  half  the  total  number  of  rooms.  Unless  the  car  is  too  heavy  or 
the  grade  conditions  unfavorable,  the  miners  usually  push  the  empty 
car  to  the  face  but  the  loaded  car  is  always  taken  from  the  face  by 
a  locomotive  or  a  mule. 

Gathering  by  Locomotive 

The  procedure  in  gathering  by  locomotive  usually  conforms  to 
one  of  the  three  methods,  illustrated  in  Fig.  24  for  a  panel  of  14  rooms 
on  each  entry : 

1.  The  empties  are  left  at  the  room  necks  but  the  locomotive 
goes  to  the  room  face  for  each  loaded  ear.  There  are  two  variations 
of  this  general  method,  (a)  and  (b). 
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(a)  The  locomotive  pushes  the  empty  trip  into  a  given  panel, 
and  distributes  the  empty  cars  to  and  gathers  the  loaded  cars  from 
seven  rooms,  as  numbers  1,  3,  5,  7,  9,  11  and  13,  assumed  to  be  working 
on  a  given  day.  Assuming  that  the  miners  from  rooms  1  and  2  are 
loading  in  room  1,  an  empty  car  is  detached  from  the  inbye  end  of 
the  trip  and  delivered  into  the  switch  for  room  2  which  has  been  or 
is  being  cut  by  the  machine  men.  Proceeding  inbye,  cars  are  switched 
into  rooms  4,  6,  8,  etc.  to  room  14.  The  locomotive  takes  the  loaded 
car  from  face  of  room  13  as  far  as  the  switch  for  room  11,  where  it 
is  detached  from  the  locomotive.  At  this  time  the  condition  is  as 
shown  in  Fig.  24a.  The  locomotive  next  takes  the  loaded  car  from 
room  11.  This  car  is  coupled  to  the  car  from  room  13  and  the  loco- 
motive proceeds  outbye,  similarly  taking  the  loaded  cars  from  rooms 
9,  7,  etc.  When  the  loaded  car  has  been  taken  from  room  1,  the  trip 
contains  seven  cars  which  are  then  hauled  to  the  parting.  The  miners 
then  push  the  empty  cars  to  the  working  faces. 

(b)  The  locomotive  collects  the  loaded  cars  as  in  (a)  and  takes 
the  loaded  trip  to  the  parting;  then,  returning  with  an  empty  trip, 
leaves  the  empty  cars  in  the  necks  of  the  rooms  that  are  being  worked, 


Fig.  23.    Diagonal  Connections  Between  Entries 
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as  rooms  1,  3,  5,  etc.  After  leaving  the  last  empty  car  in  room  13 
the  locomotive  goes  through  the  last  open  cross-cut  to  the  parallel 
entry,  as  shown  in  Fig.  24Z>,  and  collects  the  loaded  cars  on  its  way  out ; 
or  if  this  is  not  practicable  it  proceeds  without  any  cars  to  another 
entry  to  make  up  a  loaded  trip. 

2.  Cars  are  taken  to  and  from  the  working  face  by  the  locomotive 
by  either  of  two  systems,   (c)  or  (d). 

(c)  An  empty  car  is  cut  off  at  each  of  the  rooms  1,  3,  5,  to  13 
as  the  locomotive  proceeds  along  the  entry.  When  the  empty  trip 
has  thus  been  distributed  and  room  13  is  reached,  the  empty  car  is 
pushed  into  the  face  of  room  13  and  coupled  to  the  loaded  car  which 
is  then  pulled  out  and  pushed  along  the  entry  to  a  point  just  inbye 
of  the  switch  into  13,  and  there  blocked  and  uncoupled  from  the 
empty  car.  The  locomotive  then  returns  into  room  13  with  the  empty 
car  which  is  pushed  to  the  working  face  and  there  left.  The  locomotive 
returns  to  the  loaded  car  at  the  mouth  of  room  13  and  takes  it  to 
the  switch  just  inbye  of  room  11,  where  the  locomotive  is  uncoupled. 
The  empty  that  has  been  left  at  the  mouth  of  room  11  is  then  pushed 
up  to  the  face  and  coupled  to  the  loaded  car.  This  procedure  is 
repeated  at  each  of  rooms  9,  7,  etc.  After  an  empty  car  has  thus 
been  placed  at  the  face  of  each  room  the  trip  of  7  loaded  cars  is  taken 
to  the  parting.  Fig.  24c  shows  the  condition  along  the  entry  after 
the  locomotive  has  gathered  two  loaded  cars  from  rooms  13  and  11  and 
is  pulling  the  loaded  car  out  of  room  9. 

'(d)  The  loaded  cars  are  taken  successively  from  the  faces  of 
rooms  13,  11,  9,  to  1,  and  the  loaded  trip  of  7  cars  is  hauled  out  to 
the  parting.  Returning,  the  locomotive  pushes  the  empty  trip  past 
the  switch  of  room,  1,  where  it  is  blocked.  Then  the  car  next  to  the 
locomotive  is  uncoupled  from  the  empty  trip  and  is  pushed  by  the 
locomotive  to  the  room  face.  Similarly,  the  locomotive  pushes  an 
empty  up  to  the  face  of  each  of  rooms  3,  5,  to  13.  Fig.  24cZ  shows  the 
locomotive  pushing  an  empty  car  into  room  3.  The  locomotive  then 
proceeds  to  the  parallel  entry  through  a  cross-cut  at  the  face;  other- 
wise it  backs  along  the  same  entry  to  the  main  entry  and  thence  to 
another  gathering  section.  If  track  is  maintained  in  both  of  the 
room  entries  A  and  B  it  saves  time  of  the  locomotive  to  connect  these 
entries  with  a  track  through  the  last  cross-cut.  This  method  requires 
the  loaders  to  wait  while  the  locomotive  goes  to  the  parting  with 
a  loaded  trip  and  returns  with  an  empty  trip. 
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3.  The  empty  cars  are  taken  to  a  room  cross-cut  switch  near 
the  face  by  a  locomotive  or  mules.  In  this  way  the  distance  that 
a  car  is  pushed  by  the  miner  is  decreased.  The  method  is  therefore 
intermediate  between  methods  1  and  2  in  the  amount  of  hand-pushing 
of  the  cars,  and  is  particularly  applicable  also  when  the  cross-cut  is 
worked  more  as  a  separate  room  or  place  than  as  an  ordinary  narrow 
cross-cut.  The  empty  cars  are  placed  in  order  just  inside  the  room 
necks,  from  room  1  to  room  13,  as  the  locomotive  proceeds  toward  the 
face  of  the  entry.  At  room  13  an  empty  is  pushed  up  into  the  room  and 
placed  on  the  cross-cu1  switch.  The  loaded  car  is  then  taken  from  the 
face  to  a  point  on  the  entry  just  inbye  the  switch  to  room  11.  The 
empty  in  the  neck  of  room  11  is  then  pushed  to  the  room  cross-cut 
switch  and  the  loaded  car  at  the  face  of  room  11  is  brought  to  the  cut  ry 
and  coupled  to  the  car  from  room  13,  as  shown  in  Fig.  21e. 

If  a  room  cross-cut  is  being  driven  wide  so  that  it  is  practically  a 
room,  and  its  loaded  car  is  in  the  cross-cut,  the  empty  will  be  left 
just  beyond  the  cross-cut  switch  along  the  room  track  while  the 
locomotive  goes  into  the  cross-cut  for  the  loaded  car.  If  the  loaded  car 
is  at  the  face  of  the  room  the  empty  is  placed  on  the  cross-cut  switch 
and  the  loaded  ear  then  taken  from  the  face  of  the  room. 

With  this  method  track  need  be  maintained  in  one  room  only, 
while  two  or  more  rooms  on  each  side  are  served  by  spur  tracks 
through  the  last  open  cross-cuts.  In  this  practice  the  locomotive 
enters  room  1  with  two  empty  cars  which  are  switched  at  the  face  and 
the  loads  are  then  taken  out  by  the  locomotive.  Extra  switehlaying  is 
required  each  time  the  room  is  advanced  a  cross-cut  length,  but  this 
outlay  is  compensated  for  by  the  saving  of  both  time  and  upkeep  in 
room  haulage  and  equipment.  Moreover,  there  is  some  advantage  in 
a  shorter  travel  of  the  mining  machine  in  these  rooms  which,  being 
kept  off  the  entry  haulage  roads  to  a  greater  extent,  interferes  less  with 
haulage. 

Gathering   by    Mules 

For  hauling  ears  in  rooms  and  for  short  entry  hauls  mules  are 
effectively  used,  hence  the  parting  should  be  kept  as  close  to  the 
working  face  as  practicable.  The  procedure  is  very  similar  to  that- 
followed  in  gathering  by  locomotives  except  that  smaller  trips  are 
necessary.  Usually  from  two  to  three  cars  only  are  hauled  to  the 
parting  while,  at  times,  on  accounl  of  adverse  grades,  a  nude  can  pull 
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only  one  loaded  car.  When  the  driver  delivers  the  empty  cars  to 
the  room  faces  he  does  so  on  the  return  trip  after  the  loads  have 
been  taken  to  the  parting. 

In  some  mines  the  loaded  cars  are  taken  from  the  room  faces  to 
the  entry  by  mules  and  there  made  into  trips  by  the  gathering  locomo- 
tive and  taken  to  the  parting.  While  the  locomotive  is  returning 
with  the  empty  cars  the  same  driver  and  mule  are  employed  in  gather- 
ing a  similar  trip  of  cars  from  the  rooms  in  the  adjoining  entry. 
In  delivering  the  empty  cars  the  locomotive  pulls  the  cars  into  the 
room  entry  where  the  trip  rider  cuts  off  one  car  from  the  rear  of  the 
trip  at  each  working  room.  If  a  track  has  been  laid  through  the  last 
open  cross-cut  between  two  panel  entries,  the  locomotive,  after  deliver- 
ing all  of  the  empties  in  one  entry,  can  pass  through  the  cross-cut  to 
the  adjoining  entry,  gather  the  cars  in  that  entry  into  a  trip,  and  take 
them  to  the  parting. 

23.  Performance  of  Main-Line  Locomotives. — In  order  to  secure 
comparative  data  in  regard  to  performance  at  different  mines  operating 
under  different  methods  of  main-line  and  gathering  haulage,  a  study 
was  made  of  the  number  of  ears,  the  weight  of  coal,  and  the  distances 
hauled,  both  in  gathering  and  on  main  haulage;  thus  data  were 
obtained  for  ton-miles  per  day  per  locomotive,  which  is  the  measure 
of  performance  used  for  comparing  the  operation  of  locomotives  on 
standard  surface  roads. 

Table  4  gives  a  summary  of  performance  data  for  main-line  loco- 
motives at  the  mines  listed  as  B  to  I,  inclusively,  under  the  shaft 
bottom  discussion,  pages  58  to  63.  The  mines  covered  by  Table  4  are 
all  large  producers  and  have  modern  equipment.  This  table  shows  a 
considerable  variation  in  the  daily  performance  at  different  mines 
such  as  the  average  number  of  cars  hauled  per  trip,  the  average  number 
of  cars  hauled  per  day,  and  tonnage  or  cars  per  day  per  parting, 
but  the  real  basis  for  comparison  is  the  average  ton-miles  of  coal 
hauled  per  locomotive  and  the  average  locomotive-miles  per  day.  The 
detailed  study  of  several  of  these  mines  shows  a  similar  variation  in 
the  work  performed  by  different  locomotives  in  the  same  mine,  sug- 
gesting that  at  many  mines  a  re-adjustment  of  locomotive  schedule 
might  be  made  with  advantage.  With  the  exception  of  Mines  B  and  E 
in  each  mine  of  this  group  the  mainline  locomotives  average  over  1000 
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tons  oi'  coal  per  day  delivered  to  the  shai't  bottom.  At  Mine  H  two 
locomotives  average  1585  tons  per  day  with  an  average  haul  of 
3440  feet.  The  total  ton-mileage  per  locomotive  varies  between  290 
and  3386;  the  two  greatest  averages,  2479  and  2209,  being  made  at 
the  two  mines  having  the  longest  average  hauls  of  6217  and  6087  feet 
respectively.     Of  the  two  mines  that  lead  in  production  one  shows 


Table  5 

Main   Line   Haulage   for   Eighteen   Mines 

Group  of  Mines  Producing  between  1500  and  3000  Tons  Daily 


No. 


Mine  Car 


Loco. 


Ave. 
Daily 

Years 
in 

No. 
Part- 

Dist. 

Mines 

Haul. 

Tonnage 

Oper. 

Empty 

Wt. 

tons 

Coal 

Wt. 
tons 

*No. 

Wt. 

ings 

feet 

2200 


3.20 


12-ton 


3500 


2 

2000 

14 

1.00 

3.05 

.  2 

14-ton 

8 

4000 

3 

2500 

9 

1.50 

4.25 

2 

12-ton 

10 

402.-) 

4 

1800 

12 

1.45 

3.25 

2 

]  3-ton 

7 

2700 

5 

2250 

15 

1.43 

2.25 

3 

10-ton 

10 

4400 

6 

2200 

17 

1.00 

2.40 

2 

10-ton 

7 

5000 

7 

1800 

17 

0.75 

2.00 

2 

10-ton 

6 

5000 

8 

2500 

22 

0.70 

3.00 

3 

10-ton 

7 

3750 

9 

1700 

15 

* 

2.75 

2 

12-ton 

4 

2700 

10 

2500 

4 

1.05 

2.90 

3 

10-ton 

8 

1950 

1770 


20 


2.20 


12  ton 


52S0 


Ave. 


2000 


2100 


15 


2.50 


1.5-ton 


16 


1.18 


2.7S 


12-ton 


12 

2200 

20 

* 

2.25 

3 

12-ton 

5 

0600 

13 

1500 

15 

* 

2.00 

2 

13-ton 

5 

6000 

7000 


15 

3000 

20 

1.50 

3.00 

4 

13-ton 

11 

G000 

10 

1700 

31 

1.50 

3.00 

3 

13-ton 

7 

4500 

17 

1S00 

15 

1.15 

2.70 

3 

10-ton 

6 

5100 

18 

1600 

16 

1.10 

3.00 

3 

10-ton 

6 

3500 

4500 


I  imptj  car  weighl  not  available.    Total  ton-miles  per  loco,  approximately  1.81  times  ton-miles  coal 
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the  greatest  average  daily  mileage  per  locomotive  while  the  other 
shows  the  least.  It  is  interesting  to  note  that  Mine  B,  having  the 
greatest  production,  puts  the  least  average  duty  in  total  ton-miles 
per  day  upon  its  locomotives,  but  at  the  same  time  puts  both  extremes 
of  such  duty  upon  them.  This  mine  has  also  the  fewest  ton-miles  of 
coal  per  locomotive  per  day. 

Table  5     (Continued) 

Main-Line  Haulage  for  Eighteen  Mines 

Group  of  Mines  Producing  between  1500  and  3000  Tons  Daily 


Mines 

Ave. 

Cars 

per 

Trip 

Ave. 

Trips 

per 

Day 

Ave. 
Cars 

per 
Loco. 

per 
Day 

Ave. 

Tons 

Coal 

per 

Loco. 

Ave. 
Ton- 
Miles 
Coal 
per 
Loco. 

Ave. 
Ton- 
Miles 

per 
Loco. 

Ave. 
Loco. 
Miles 
per 
Day 

1 

15 

16 

240 

700 

465 

750 

20 

2 

18 

24 

430 

1300 

1000 

1670 

36 

3 

20 

15 

300 

1250 

950 

1620 

23 

4 

20 

15 

300 

900 

460 

690 

15 

5 

20 

17 

340 

750 

600 

1350 

28 

6 

23 

20 

460 

1100 

1000 

1830 

38 

7 

22 

20 

440 

900 

850 

1500 

38 

8 

18 

16 

280 

840 

600 

900 

23 

9 

IS 

16 

280 

850 

440 

* 

16 

10 

12 

24 

280 

840 

310 

510 

18 

11 

16 

17 

270 

600 

600 

* 

34 

12 

20 

16 

320 

700 

900 

* 

10 

13 

16 

20 

320 

650 

740 

* 

45 

14 

17 

16 

270 

670 

900 

* 

42 

15 

15 

16 

250 

750 

850 

1700 

36 

16 

12 

16 

190 

570 

490 

980 

27 

17 

22 

10 

220 

600 

580 

1080 

20 

18 

10 

18 

180 

540 

360 

620 

24 

Ave. 

17 

17 

300 

800 

670 

1320 

29 

♦Empty  car  weight  not  available.     Total  ton-miles  per  loco,  approximately  1.81  times  ton-miles  coal. 
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Table  6 
Performance  of  Five  15-Ton  Main-Line  Locomotives  in  a  Large  Illinois  Mine 

For  One  Shift 


Locomotive 

(a) 

(b) 

(c) 

No.  Trips 

14 

13 

15 

18 

18 

18 

Ave.  Xo.  Cars  per  Loaded  Trip 

19 

18 

18 

Total  Loads 

275 

242 

292 

Total  Tons  Coal 

1133 

997 

1203 

Ave.  Distance  Hauled 

4850 

3700 

4950 

Ton-Miles  Coal 

1040 

700 

1130 

26 

18 

28 

Analysis  of  Time 

Min. 

Per  Cent 

Min. 

Per  Cent 

Min. 

Per  Cent 

197 

43 

197 

43 

198 

44 

102 

94 

105 

95 

103 

93 

102 

22 

87 

19 

92                20 

24 

22 

28 

27 

20 

23 

51 

45 

41 

299 

65 

284 

62 

290               64 

Total  Delavs 

101 

35 

177 

163 

Delays  at  Shaft  Bottom 

87 

79 

52 

15 

19 

21 

Delavs,  Inside  Partings 

1 

59 

36 

90 

.. 

43 

Total  Operating  Time 


460  100         461  100         453  100 
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Table  6     (Continued) 
Performance  of  Five  15-Ton  Main-Line  Locomotives  in  a  Large  Illinois  Mine 

For  Que  Shift 


Locomotive 

• 
(d) 

Ave. 

(e)* 

No.  Trips 

14 

14 

14 

23 

19 

16 

23 

19 

15 

543 

288 

208 

Total  Tons  Coal 

1413 

1186 

857 

4750 

4562 

1500 

Ton-Miles  Coal 

1270 

1035 

240 

25 

24 

S 

Analysis  of  Time 

Min. 

Per  Cent 

Min. 

Per  Cent 

Min. 

Per  Cent 

189 

44 

195 

43 

118 

26 

98 

100 

6S 

91 

95 

50 

92 

21 

93 

21 

55 

1L> 

Motor  Run .    

34 

27 

24 

24 

46 

34 

43 

9 

281 

65 

288 

64 

173 

38 

Total  Delays 

150 

163 

278 

Delays  at  Shaft  Bottom 

90 

77 

23 

20 

201 

37 

56 

77 

10 

Total  Operating  Time 

431 

100 

451 

100 

451 

100 

*  Locomotive  (e)  does  relay  duty. 
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Table  8 
Gathering   Haulage  in   Seventeen   Typical  Illinois  Coal  Mines 


Mine 

Ave. 

Daily 
Ton- 
nage 

No. 

Men 

No. 
Ma- 
chines 

No. 
Mill's 

I. 

icomotives 

No. 

No. 

in 
Entries 

in 
Rooms 

No. 

Wt. 

Kind 

Part- 
ings 

1 

2200 

32 

178 

21 

0 

11 

6- ton 

Reel 

5 

2 

2600 

26 

151 

17 

0 

13 

6-ton 

Reel 

8 

3 

2500 

70 

170 

22 

0 

14 

6-ton 

Reel 

10 

4 

1800 

58 

130 

17 

0 

8 

6-ton 

Reel 

7 

5 

2250 

66 

217 

15 

25 

10 

6 

2200 

40 

164 

17 

5 

8 

5-ton 

St.  Bat. 

7 

7 

1800 

40 

164 

17 

2 

8 

6-ton 

St.  Hat. 

6 

8 

2500 

50 

190 

18 

17 

1 
3 

6-ton 
6-ton 

St.  Bat. 
Reel 

7 

9 

1700 

30 

113 

11 

12 

4 

10 

2500 

54 

349 

0 

14 

5-ton 

St.  Bat. 

8 

11 

I77D 

4!» 

L32 

18 

24     . 

6 

12 

2200 

41 

177 

22 

28 
1 

1 

It 

2000 

300 

12 

4 

5- ton 

St.  Bat. 

8 

15 

3000 

23 

252 

11 

0 

12 

5-ton 

St.  Bat. 

6 

16 

17D0 

16 

200 

2 

2 

6 

5-ton 

St.  Bat. 

7 

17 

1800 

46 

125 

20 

4 

2 
5 

St.  Bat. 
Reel 

6 

IS 

1600 

_'ii 

6 

A    STUDY    OF    COAL     .MINE    HAULAGE    IN    ILLINOIS 


87 


Table  8     (Continued) 
Gathering  Haulage  in  Seventeen  Typical  Illinois  Coal  Mines 


Mine 
No. 

Ave. 
Dist. 
Haul. 

feet 

Ave. 
Car 
Trips 

.4ve. 
Trips 
per 
Day 

Ave. 
Cars 

per 
Loco. 

or 
Mule 

Ave. 
Tons 
Coal 

per 
Loco. 

or 
Mule 

Ave. 
1    Wt. 
Tons 
Coal 
per 
Car 

Ave. 

Ton- 
Mi. 

Coal 
per 

Loco, 
or 

Mub 

Ave. 

Ton- 
Mi. 
per 

Loco, 
or 

Mule 

Ave. 

Loco, 
or 

Mule- 
Mi. 
per 

Day 

1 

L.    1500 

6— 

11 

63 

200 

3.20 

56.8 

102.0 

6.24 

2 

L.    1100 

8  + 

8 

67 

200 

3.05 

41.7 

69.8- 

3.34 

3 

L.    1650 

5 

8 

40 

170 

4.25 

53.1 

90.6 

5.00 

4 

L.     850  ' 

7 

10 

70 

225 

3.25 

36.2 

68.8 

3.22 

5 

M.    800 

VA 

27 

40 

90 

2.25 

13.6 

30.9 

8.18 

6 

L.    1000 
M.    500 

6  + 
3 

14 
15 

85 
45 

200 
110 

2.40 

2.40 

37.9 
10.4 

70.8 
18.9 

5.30 
2.84 

7 

L.    1000 
M.    500 

7  + 
3 

14 
16 

100 

48 

200 
100 

2.00 
2.00 

37.9 
9.5 

66.4 
16.3 

5.30 
3.03 

8 

L.     900 
M.    900 

7 
1-2 

10 
25 

70 
32 

200 
100 

3.00 
3.00 

34.1 
17.0 

52.5 
24.6 

3.41 

8.53 

9 

M.  1000 

3 

17 

50 

140 

2.75 

26.5 

49.7 

6.44 

10 

L.    1200 

6  + 

10 

62 

180 

2.90 

40.8 

70.4 

4.54 

11 

M.  1000 

1 

32 

32 

70 

2.20 

13.2 

24.8 

12.11 

12 

M.    800 
M.    650 

1 

1 

35 
40 

35 

40 

40 
75 

2.25 
2.25 

6.1 
9.2 

11.4 
17.2 

10.60 
9.85 

14 

L.    1200 
M.    800 

7— 
2 

12 
20 

80 
40 

200 
100 

2.50 
2.50 

45.4 
15.1 

82.2 
28.3 

5.45 
6.06 

15 

L.   1100 

6— 

14 

83 

250 

3.00 

52.1 

103 . 9 

5.83 

16 

L.  1000 
M.    700 

6— 
1 

15 
24 

87 
24 

260 
70 

3.00 
3.00 

49.2 
9.3 

98.7 
18.8 

5.68 
6.36 

17 

L.    1800 
M.  1300 

7  + 

1 

11 
32 

80 
32 

210 
85 

2.70 
2.70 

71.5 
20.9 

136.3 
39.0 

7.50 
15.75 

18 

M.    900 

1 

27 

27 

80 

3.00 

13.6 

23.7 

9.20 

109  Loco 

1227 

11.05 

71— 

204.9 

3.04 

46.94 

84.98 

5.21 

Ave. 

Per- 
form- 

54 Reel-trolley  Loco. 

1341 

9.30 

61 

197.0 

3.39 

49.26 

86.80 

5.10 

ance 

55  St.  Bat.  Loco 

1115 

12.76 

80  + 

212.4 

2.70 

44.67 

83.20 

5.30 

152  Mules 

869 

27.36 

36 

82.5 

2 . 18  |  13 . 60 

25.3o|    9.05 
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Somewhal  similar  data  are  given  in  Table  5  Eor  L8  mines  having 
a  variation  in  production  from  1500  to  3000  inns  per  day.  Mosl  of 
these  mines,  being  older  than  those  listed  in  Table  4  and  therefore 
having  mine  cars  that  arc  generally  of  less  capacity,  have  lower  ion- 
mileages. 

Table  6  has  been  prepared  from  data  taken  in  one  of  the 
largest  coal  mines  of  Illinois  to  show  the  average  daily  performance 
of  the  main-line  locomotives.  These  data  cover  one  full  shift  of  eight 
hours.  The  average  distance  traveled  by  a  locomotive  per  round  trip 
was  1.72  miles.  Each  locomotive  was  on  duty  approximately  94  per 
cent  of  its  full  shift,  and  an  analysis  of  its  actual  operating  time  is 
given.  Thus  locomotive  (a)  was  on  duty  460  minutes  or  during 
96  per  cent  of  its  8-hour  shift,  but  of  this  time  it  actually  operated  only 
299  minutes  or  65  per  cent  of  the  460  minutes.  Four  kinds  of  delays 
consumed  161  minutes  of  this  locomotive's  time  and  the  average  delay 
per  locomotive  per  shift  was  practically  2.72  hours. 

24.  Performance  of  Gathering  Locomotives. — Table  7  covers  the 
data  on  gathering  haulage  for  the  same  mines  as,  and  in  a  manner 
similar  to,  Table  4  for  main  haulage.  Table  8  similarly  covers  seven- 
teen of  the  mines  in  Table  5.  Owing  to  the  constantly  changing  dis- 
tances that  cars  are  hauled  in  gathering  from  the  same  territory,  it 
was  impossible  in  the  time  available  to  obtain  accurate  data  for  each 
car  moved  during  the  period  when  the  study  was  made  in  each  mine, 
but  a  distance  from  a  central  point  in  the  panel  to  the  parting 
was  assumed  as  the  average  travel  for  the  cars  gathered  from  the 
given  panel,  and  the  average  weight  of  coal  per  car  was  also  assumed 
for  the  mine  during  the  given  period.  While  these  assumptions  may 
not  give  exact  results  for  any  given  day,  they  probably  represent  the 
average  operating  conditions  of  any  given  mine  and  are  of  value  in 
comparing  the  performance  of  locomotives  in  different  mines  and  in 
different  sections  of  the  same  mine. 

Gathering  is  performed  by  locomotives  exclusively  in  five  of  the 
selected  eight  large  Illinois  coal  mines,  by  mules  exclusively  in  one  of 
these  mines,  and  by  both  locomotives  and  mules  in  two  mines.  These 
eight  mines  utilize  for  gathering  haulage  108  locomotives  and  "_!.">  mules. 

Improvements  in  reel  and  crab  locomotives  permit  their  use  in 
even  the  most  difficult  working  places. 
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The  average  distance  covered  by  main-line  haulage  in  these  eighl 
typical  mines  is  4555  feet,  while  the  average  distance  traveled  in 
gathering  in  these  same  mines  is  but  1141  feet,  or  approximately  one- 
fourth  the  main  haulage  travel.  The.  sizes  of  trips  in  the  two  stages 
of  haulage  are  as  7  cars  in  gathering  to  19  ears  in  main  haulage.  In 
main-line  haulage  a  locomotive  averages  31.3  miles  per  day,  whereas 
in  gathering  it  averages  but  4.8  miles.  In  total  ton-mileage  per 
locomotive  the  figures  for  the  two  classes  of  haulage  are  as  111  in 
gathering  to  1985  in  main  haulage,  or  about  as  1  to  18. 

As  the  activities  of  coal  mining  continually  alter  underground 
workings,  the  tables  must  be  accepted  as  statistically  accurate  for  a 
relatively  short  period  only,  and  only  for  the  dates  upon  which  the 
data  were  secured.  The  method  of  diagramming  and  listing  the  data 
for  each  of  the  mines  is  illustrated  by  giving  the  diagrams  and  tables 
for  Mine  A,  having  one-stage  haulage,  and  for  Mine  1),  having  two- 
stage  haulage. 

25.  Details  of  Haulage  Per  forma  nee  in  Typical  Illinois  Mines. — 
The  detailed  methods  of  representing  the  workings  diagrammatically 
and  of  tabulating  the  haulage  data  used  in  compiling  Tables  4  and  7 
are  given  for  two  mines  only — in  Table  9  for  Mine  A,  and  in  Tables 
10  and  11  for  Mine  D.  In  Mine  A,  cars  are  hauled  directly  from  the 
rooms  to  the  shaft  bottom  by  one  set  of  locomotives,  while  in  Mine  D 
there  is  a  distinction  as  to  gathering  and  main-line  haulage. 

The  following  data  regarding  the  handling  of  cars  from  the 
face  to  the  shaft  bottom  will  supplement  the  shaft-bottom  data  given 
in  connection  with  Table  3. 

Mine    A 

The  daily  production  is  4500  tons.  Each  mine  car  weighs  2780 
pounds  empty,  and  holds  four  tons  of  coal,  and  there  are  474  cars 
in  the  mine.  Approximately  equal  amounts  of  coal  reach  the  shaft 
bottom  from  the  north  and  south  sections  of  the  mine,  and  the  cars 
are  brought  directly  from  the  working  face  to  the  shaft  bottom  by  the 
same  locomotives  that  gather  the  coal  and  operate  on  the  main  line. 
All  empties  are  similarly  hauled  from  the  shaft  bottom  directly  to 
the  workings.  It  is  believed  that  the  sv stem  of  gathering  directly  to 
the  shaft  bottom  involves  fewer  delays. 

Although  the  shaft  was  sunk  at  the  approximate  center  of  the 
original  property  the  later  development  of  the  mine  has  been  such  that 
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Fig.  25.     Haulage  Diagram — Mine  A 


at  present  the  shaft  is  near  one  side  of  the  operating  portion  of  the 
mine  thus  giving  a  rate  of  advance  for  the  haulage  roads  about  double 
that  for  a  centrally  located  shaft.  Fig.  25  is  a  diagrammatic  sketch 
of  the  haulage  roads  in  Mine  A. 

The  main-haulage  road  is  double  track  for  2500  feet  in  each 
direction  from  the  shaft,  north  and  south,  so  that  there  is  no  inter- 
ference of  incoming  and  outgoing  trips.  Adequate  pass-partings  also 
permit  trips  to  pass  conveniently  in  t  he  cross-entries.    Switch  throwers 
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Table  9 
Haulage — Mine  A 


Locomotives 


No.     Kind 


Approx. 

Dist. 
Hauled 


No.  Tons 

Cars  Coal 

per  per 


Day 


3  and  4,  ES . . . 


Reel 

and 
Trol- 
ley 


6230 


0300 


60 


21 
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242.98 


Ton- 
Miles 
Coal 
per 
Loco. 


83.30      387.20 


79 


316.20 


To' a  I  Daily 

Ton-  Mile- 
Miles  age 
per             per 

Loco.  Loco. 


690.8.5 


Entries 


19.39 


No.  of  Men  in 
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Trol- 
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55.50 
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7300 
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2     tl5 l       Trol- 
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8230 


19 


7S00 
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300.10 


29S.S5 


156.60 


71.15 


307.21    ,    .548.13        1.5.51         18 


109.05 


729.83 


24.61  4  15 


17  &  18  S.-2  ES 
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and 
Trol- 
ley 


7000 


123 


492.80 


653.33 


1165  68 


1  and  2,  EN 


Reel 
and 
Trol- 
ley 


310.35 


0  38 


0         28 


6825 

61 

243.05 

7.500 

9 

35.3.5 

7075 

88 

366.80 

7760 

41 

166.50 

7900 

17 

67.30 

7375 

85 

340.65 

769.95     1373.75 


41.84  0  28 
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Reel 
and 

Trol- 
ley 


0  25 


0  13 


353.85 


631.34 


20. .57         Id 


27 


8150 


17 


8  0 


Averages . 


6707 


410.80 


732.95 


22.50 
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arc  stationed  at  main  junction  points  and  extra  flagmen  are  placed 
as  required.  The  locomotives  in  this  mine  are  combined  trolley  and 
storage-battery  locomotives,  and,  while  the  greater  part  of  the  haulage 
is  done  by  using  current  from  a  trolley  wire,  current  from  the  bat- 
teries enables  the  locomotives  to  reach  the  working  faces.  This  system 
is  here  held  preferable  to  the  use  of  reel  locomotives  in  that  it 
lei  luces  delay  in  changing  from  trolley  service  and  lessens  the  peak 
loads  on  the  power  circuit.  Each  locomotive  averages  daily  seven 
trips  of  from  6  to  14  cars  each.  The  grades  in  the  room  are  nearly 
level  and  about  95  per  cent  of  the  empty  cars  are  left  by  the  locomotives 
at  the  room  necks,  but  the  loaded  cars  are  gathered  from  the  faces  by 
the  locomotives.    The  average  haul  of  a  locomotive  is  6707  feet. 

Mine  A  has  the  same  daily  production  as  Mine  C  in  which  the 
haulage  is  divided  into  two  stages.  For  Mine  A  the  average  total 
ton-miles  per  locomotive  is  733.  In  Mine  C  the  average  total  ton-miles 
per  locomotive  per  day  in  gathering  is  119  and  in  main  haulage  is 
1624,  and  the  general  average  for  all  locomotives  is  420.  Similarly, 
the  respective  total  of  ton-miles  for  gathering  haulage  and  main  haul- 
age in  Mine  D  (which  has  a  daily  production  of  5000  tons)  are  144 
and  2047,  and  the  average  for  all  locomotives,  544.  The  average 
data  for  the  eight  large  mines  in  Tables  4  and  7  are  respectively  111 
and  1985  with  a  general  average  for  all  gathering  and  main  locomo- 
tives of  497.  These  statistics  would  indicate  that  the  duties  imposed 
upon  a  locomotive  in  a  single-haulage-system  mine  are  heavier  than 
those  imposed  on  a  locomotive  in  a  double-haulage-system  mine.  This 
may  be  explained  by  the  fact  that  the  weight  and  capacity  of  all 
locomotives  in  the  two-stage-haulage  mines  will  average  less  than  in 
mines  having  single-stage  haulage. 

Mine  D 
The  daily  production  is  5000  tons.  The  mine  cars  weigh  2400 
pounds  empty  and  hold  3.50  tons  of  coal.  The  mine  is  developed 
uniformly,  two-fifths  of  the  production  coming  from  the  eastern  sec- 
tion and  three-fifths  from  the  western.  Two  main-line  locomotives 
operate  in  each  section,  each  locomotive  serving  from  three  to  five 
partings  and  averaging  26  trips  of  15  cars  each  per  shift  of  eight 
hours.  The  average  length  of  main  haul  is  nearly  one  mile.  The 
system  of  train  despatching  minimizes  the  time  lost  on  the  partings. 
as  the  haulage-boss  at  the  shaft  bottom  keeps  in  telephonic  communica- 
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tinn  with  a  man  stationed  at  each  parting-  and,  whenever,  a  trip  is 
reported  as  made  up  there,  sends  a  locomotive  to  that  point. 

Tables  10  and  11  give  the  data  obtained  by  a  detailed  study  of 
Mine  1),  and  Fig.  26  is  a  skeleton  diagram  of  the  haulage  system  at 
the  time  the  observations  were  made.  All  main-line  haulage  is  done 
by  four  trolley  locomotives. 

Table  10  gives  the  territories  covered  in  gathering  by  fifteen  loco- 
motives and  five  mules.  Two  of  the  partings  are  served  by  both  loco- 
motives and  mules.  One  point  brought  out  by  this  tabulation  is  that 
although  mules  do  not  handle  as  great  tonnage  per  day  as  the 
locomotives,   they   travel   considerably   farther.      The   mules   in   this 

mine  average  8.5  miles  of  travel  daily  whereas  the  1 >motives  average 

but  4.4  miles. 

Mine  B 

One-third  of  the  production  comes  from  the  north  side  and 
two-thirds  from  the  south  side  of  the  mine.  Four  15-ton  main-line 
locomotives  haul  an  average  trip  of  15  to  16  cars  over  an  average 
distance  of  4630  feet,  making  slightly  more  than  two  round  trips  per 
hour.  One  15-ton  relay  locomotive  operates  between  two  main  partings 
and  forms  part  of  the  main  haulage  system.  Two  other  locomotives 
not  only  haul  to  the  shaft  bottom  an  average  of  six  trips  of  eight 
cars  each  per  day,  but  also  gather  the  cars  from  the  working  faces. 
The  grade  on  the  main  haulage  road  is  generally  in  favor  of  the 
loaded  cars  and  in  some  instances  the  grade  is  so  steep  that  the 
loaded  trips  must  be  limited  in  size  so  that  they  can  be  safely  handled 
by  the  locomotives. 

The  empty  cars  are  taken  to  the  working  faces  and  the  loaded  cars 
obtained  there  by  the  gathering  locomotives.  In  some  of  the  rooms 
4.5  per  cent  grades  are  encountered,  thus  taxing  the  gathering  loco- 
motives. The  average  capacity  of  the  gathering  partings  is  thirty 
cars,  while  the  average  main-line  trip  is  17  cars.  Hence  a  supply  of 
empties  can  be  left  on  the  gathering  partings  between  main-line  trips 
and  the  gathering  locomotives  need  not  wait  for  the  return  of  the 
main-line  trip  before  returning  to  the  room  faces. 

Mine  C 
The  mine  is   divided  into   four  separate,   nearly   equal  sections 
served  by  three  main-line  trolley  locomotives,  one  hauling  from  each 
of  two  sections  and  one  handling  the  tonnage  of  the  other  two  sections. 
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Table  11 
Main-Line  Haulage  —  Mine  D 


Pari  ings 

r. 

oeomotives 

A,,- 
prox. 
Dist. 

Haul'd 
Feet, 

Cars 
per 
Trip 

Trips 
per 
Daj 

Cars 
per 
Day 

Tons 
per 
Day 

Ton- 
Mi  I'-N 

Total 

L.:< 

Mile- 
age 

No. 

Wt.        Kind 

Loco. 

1st  N.  E 

(A)  1 

4400 

14 

14 

200 

700 

3d  S.  E 

L5-ton   Trolley 

5700 

10 

8 

80 

290 

1157      1043 

;,1   6 

7  E,  3d  S.  E 

5300 

14 

7 

90 

310 

5th  N.  E 

(B)  1 

15-ton  Trolley 

4800 

14 

8 

100 

350 

11  Mi 

9th  N.  E 

5200 

15 

12 

175 

615 

L996      l^  7 

7th  S.  E 

5400 

15 

7 

100 

350 

IstS.  W 

(C)l 

12-ton 

Trolley 

4500 

23 

8 

180 

620 
350 

9W,  1st  S.  W 

4500 

16 

7 

100 

KIM       1S37     37.7 

3d  N.  W 

4000 

14 

8 

100 

350 

7  W,  5th  S.  W 

(D)  1 

5700 

15 

4 

50 

180 

L381 

5W,  5th  S.  W 

5500 

16 

3 

45 

155 

1  W,  9th  S.lW. . .  . 

15-ton   Trolley 

5900 

16 

4 

60 

225 

Jill     56.7 

Main  W 

6900 

14 

3 

40 

140 

7th  N.  W 

5500 

15 

12 

ISO 

620 

Lett  t.s  in  parentheses  refer  to  territories  indicated  on  the  diagram  <>f  this  mine,  Fig.  26. 


Grades  are  uniformly  level.  Each  of  the  four  sections  of  the  mine  has 
a  separate  current  of  air  and  a  minimum  number  of  self-closing,  double 
doors.    No  trappers  are  employed. 

Mine    E 

The  two  main  sections  of  the  mine  furnish  nearly  equal  produc- 
tion and  two  main-line  locomotives  operate  in  each  seel  ion.  In  the 
northeast  section  the  round  trip  averages  over  3  miles. 

Mine    F 

The  east  and  west  sections  are  laid  out  symmetrically  and  have 
about  equal  productions.     One  main-line  locomotive  operates  in  each 

seel  ion. 
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Mine    G 
The  mine  has  two  sections,  east  and  west,  which  produce  about 
equal  amounts.    There  is  one  main-line  locomotive  for  each  section. 

Mine    H- 
There  are  two  partings  in  the  east  workings  and  three  partings 
in  the  west  workings,  each  set  of  partings  being  served  by  one  main- 
line locomotive. 

Mine  I 
The  eight  partings  in  this  mine  are  so  grouped  into  pairs  that 
all  main  haulage  is  performed  by  four  trolley  locomotives.  An  average 
of  500  tons  of  coal  goes  to  the  shaft  bottom  daily  from  each  parting. 
Gathering  in  this  mine  is  mixed,  but  not  in  the  sense  that  both  locomo- 
tives and  mules  are  used  in  the  same  territories.  Instead,  3  mules  are 
used  exclusively  in  gathering  to  one  parting,  while  14  locomotives 
handle  the  remaining  seven-eighths  of  the  mine.  The  mules  haul  but 
one  car  per  trip. 

26.  Mine  Cars. — In  Illinois  as  in  other  coal-mining  states  many 
kinds  of  cars  are  in  use  even  in  mines  of  a  single  district,  worked  in 
the  same  seam,  and  with  all  conditions  essentially  common.  When  a 
particular  type  of  pit-car  is  once  adopted  it  is  a  difficult  and  expensive 
process  to  modify  that  type.  It  may  thus  happen  that  two  neighbor- 
ing mines,  perhaps  of  common  ownership,  may  be  equipped  with  unlike 
cars  and  that  in  consequence  the  haulage  and  hoisting  arrangements 
are  so  dissimilar  that  any  interchange  of  cars  for  convenience  or 
emergency  is  impossible.  The  regularity  of  the  pitch,  the  thickness 
and  the  depth  of  the  seam,  the  nature  of  the  roof,  the  type  of  haulage- 
system  to  be  used,  and  the  extent  of  the  mining  property  all  have 
weight  in  determining  the  design  of  mine  cars. 

Car  Body 
Formerly  all  coal-mine  cars  were  constructed  with  wooden  bodies, 
steel  and  iron  being  used  in  the  wheels  and  axle  and  for  stiffening  the 
body.  Indeed  there  are  still  some  operators  who,  with  strong  argu- 
ments therefor,  retain  those  wooden  cars — and  there  are  some  mines 
which  have  both  wooden  and  steel  cars  in  service.  General  practice, 
however,  is  restricting  usage  to  either  type  of  car  exclusively  in  any 
one  mine,  and  the  all-steel  car  is  coming  more  generally  into  use  and 
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has  now  wholly  superseded  the  wooden  car  in  many  mines.  There 
are  several  reasons  for  this  change. 

One  desideratum  in  the  design  and  construction  of  a  serviceable 
car  is  the  utmost  stiffness  and  strength  in  the  trucks  or  running 
gear.  The  axles  should  always  be  in  true  alignment,  and,  since  these 
members  are  hold  in  their  relative  positions  by  their  attachment  to 
the  floor  of  the  car,  stiffness  in  the  car  floor  is  of  greal  importance. 
Without  this  rigidity  there  is  a  tendency  for  the  car-wheels  to  climb 
the  rails,  frequently  with  derailment.  The  greatest  stiffness  is  afforded 
by  steel  floors,  and  the  all-steel  car  is  much  stiffer  in  this  respect  than 
is  the  car  with  a  steel  bottom  but  with  wooden  sides  and  ends. 

Wreckage  of  mine  cars  occurs  often  at  derailments.  Experience 
proves  that  the  all-steel  car  is  the  more  resistant  to  injury  or  deforma- 
tion, hence  is  less  likely  to  be  injured  in  such  accidents  and  causes  less 
delay  to  haulage.  On  the  other  hand,  repair  work  on  the  steel  car  is 
frequently  the  more  difficult  and  expensive. 

There  is  no  fixed  ratio  between  the  relative  weights  of  the  two 
general  types  of  cars.  Much  depends  upon  the  design,  which  in  turn 
depends  upon  the  methods  used  in  dumping  the  loaded  cars.  A  car 
used  with  rotary  dumpers  may  be  lighter  in  weight  than  one  of  equal 
capacity  used  with  automatic-dumping  cages.  A  steel  car  will  be 
slightly  less  in  width  than  an  equivalent  wooden  car,  this  affording 
more  clearance  along  the  sides.  The  superior  rigidity  of  the  steel  car 
causes  it  to  travel  more  smoothly.  Consequently  there  is  less  spillage 
of  coal  along  the  roads  and  loads  may  therefore  be  topped  higher  than 
is  practicable  with  wooden  cars.  A  steel  car  ordinarily  has  a  longer 
life  than  a  wooden  car,  but  this  feature  is  considerably  offset  by  its 
greater  initial  cost.  The  expense  of  construction  and  upkeep  may  be 
less  for  steel  cars  than  for  wooden  cars  when  the  figures  are  distributed 
to  cost  per  ton  of  coal  ultimately  handled  per  car. 

Truck 

A  car  truck  comprises  two  axles  with  their  bearings.  Strength 
and  minimum  weight  are  prime  factors  in  the  design  of  the  ideal  truck, 
but  frequently  an  axle  is  too  small  to  withstand  its  imposed  duty. 

Recently  the  outside-journal  bearing,  similar  to  that  used  on 
railway  cars,  has  been  successfully  used  on  heavy  steel  coal  cars  for 
slope  or  drift  mines.  These  journals  possess  merit  for  such  service; 
yet  the  spragging  of  such  cars  is  difficult  and  hand   brakes  become 
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necessary,  thus  rendering  the  cars  poorly  adapted  to  service  in  self- 
dumping  cages. 

Wheel-Base 
The  length  of  wheel-base  in  Illinois  is  ordinarily  between  lb' 
and  30  inches,  the  maximum  being  42  inches.  A  24-inch  wheel-base 
is  general  for  a  car  7  to  8  feet  long,  and  a  30-inch  wheel-base  for  a 
car  10  feet  long ;  while,  when  short  turn-outs  are  necessary,  a  shorter 
wheel-base  is  used.  An  advantage  of  the  short  wheel-base  is  the 
greater  ease  with  which  a  car  may  be  re-railed,  owing  to  a  more 
easily  balanced  load.  The  increase  of  a  couple  of  inches  between 
axles  may  add  many  pounds  to  the  weight  lifted  by  the  miner  in 
re-railing  a  car.  A  long  wheel-base  is  generally  conducive  to  easy 
running  and  minimum  derailments  from  cars  climbing  the  rail. 

Wheels 

The  car  wheel  should  have  as  great  a  diameter  as  possible  con- 
sidering the  distance  between  roof  and  rail  and  the  capacity  of  the 
car.  The  greater  the  diameter  of  the  wheel  the  less  is  the  power  re- 
quired, to  move  the  car,  but  the  net  load  carried  may  be  less.  The 
diameters  used  in  Illinois  vary  from  14  to  20  inches.  The  tread  of 
the  wheel,  to  provide  the  best  service,  should  be  of  chilled  steel  while 
the  angle  between  the  flange  and  the  tread  is  approximately  100 
degrees.  Both  plain  and  roller  bearings  are  used  extensively.  Wheels 
are  now  often  self-oiling  regardless  of  the  type  of  bearing,  and  the 
cost  of  Lubrication  is  a  feature  that  cannot  be  lightly  ignored. 

Bumpers  and  Couplings 

In  designing  bumpers  two  factors  control:  the  safety  of  the 
coupler,  and  the  greatest  mechanical  efficiency.  Thick,  round,  single 
bumpers  with  a  single  link-and-pin  coupling  seem  to  be  most  generally 
used  in  this  state.  Their  advantages  are  that  cars  do  not  become  locked 
on  curves  and  that  less  slack  is  found  between  cars  when  a  trip  is 
starting  or  stopping.  The  twin-bumper  car  is  also  used  in  Illinois. 
The  type  of  coupling  used  with  the  twin  bumper  varies.  In  some 
mines  the  gravity  coupling  has  proved  satisfactory  under  unusually 
severe  conditions.  Recent  designs  feature  a  spring  drawbar  with  a 
link  coupling  that  decreases  the  jerking  of  trips  and  the  accompanying 
loss  of  coal.     With  this  spring  drawbar  fewer  cars  are  derailed  at 
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starting,  trips  require  less  power  in  starting,  and  the  general  wear 
and  tear  on  the  car  is  less.  Partially  offsetting  these  advantages  are 
a  greater  initial  cost  and  additional  repair  expenses. 

Capacity   of   Mine    Cars 

The  weight  and  capacity  of  a  mine  car  are  important  items  in 
connection  with  the  handling  of  the  car  by  men.  If  the  cars  are 
pushed  to  the  face  by  the  miners,  the  number  of  cars  taken  to  the 
parting  by  the  gathering  locomotives  is  increased  in  proportion  to 
the  time  saved  by  the  locomotive  in  not  having  to  run  into  the  rooms. 
This  time  may  amount  to  several  hours  per  day  and  can  be  utilized 
by  the  locomotive  in  haulage  on  the  entry. 

If  cars  are  taken  to  the  faces  by  the  locomotive  they  should 
have  the  maximum  capacity  for  the  given  conditions  as  the  time  con- 
sumed in  taking  a  single  car  to  the  face  is  no  greater  for  a  large 
than  for  a  small  car,  and  the  larger  the  car  the  longer  it  remains  in 
the  room  during  loading.  The  largest  car  now  used  in  Illinois  contains 
about  5^  tons. 

Number    of    Cars    Required 

The  number  of  cars  in  use  in  any  mine  is  equal  to  the  number  of 
loaders  plus  a  variable  reserve.  Although  each  man  usually  has  a 
separate  working  place,  two  loaders  generally  work  together  in  a  room 
while  the  adjoining  room  is  being  undercut  by  a  machine.  Therefore, 
the  car  supply  at  the  mine  should  include  for  each  room  where  cars 
are  being  loaded  one  car  in  the  process  of  being  loaded  and  one  in 
transit  between  the  room  and  shaft  bottom  or  drift  mouth.  In  addi- 
tion there  should  be  a  certain  number  of  surplus  cars  on  the  shaft 
bottom  or  tipple  landing  and  on  the  various  partings,  to  prevent 
delays  and  to  replace  those  undergoing  repair. 

The  minimum  empty-car  reserve  on  the  shaft  bottom  for  each 
main-line  section  of  the  mine  should  be  not  less  than  the  average 
number  of  cars  per  trip  for  that  section.  For  instance,  if  there  are 
two  main-line  locomotives  hauling  to  the  shaft  bottom,  one  from  each 
side  of  the  mine,  delivering  to  two  tracks  on  the  shaft  bottom,  and 
if  the  average  trip  for  each  side  of  the  mine  is  15  cars,  there  should 
be  storage  space  for  at  least  30  empty  cars  on  the  shaft  bottom,  so  that 
the  incoming  locomotive  may  find  an  emptj  trip  ready  to  couple  to 
as  soon  as  it  has  uncoupled  from  its  loaded  trip.    Likewise  to  prevent 
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delay  on  each  of  the  partings  there  should  be  a  trip  of  loaded  ears 
ready  for  the  locomotive  as  soon  at  it  has  uncoupled  from  its  empty 
trip.  As  shown  in  Table  3,  the  empty-car  reserve  varies  widely  at 
different  mines. 

The  factors  that  influence  the  number  of  cars  required  for  a  given 
daily  output  are :  the  car  capacity,  the  length  of  haul,  the  system  of 
haulage,  and  the  method  of  operating  the  haulage  system.  The  greater 
the  capacity  per  car  the  fewer  the  cars  to  be  hoisted  per  day  for  a 
given  output,  and  the  longer  the  haul  the  more  cars  will  be  required. 
Mechanical  haulage  should  require  fewer  cars  than  mule  haulage  as 
the  cars  are  moving  more  rapidly  and  usually  cars  of  larger  capacity 
are  used. 

An  unnecessary  reserve  of  cars  is  objectionable  on  account  of  the 
extra  capital  they  represent.  The  average  life  of  a  mine  car  is  five 
to  eight  years  and,  assuming  cost  of  the  cars  as  $160,  about  $20  per  car 
must  be  charged  off  each  year  for  a  life  of  8  years.  According 
to  Table  3,  a  car  is  loaded  on  an  average  2.05  times  per  day  and  the 
average  capacity  is  3.64  tons  per  day.  In  a  year,  or  200  days,  a  ear  will 
handle  1492  tons.  On  this  basis  the  mine-car  depreciation  charge  is 
approximately  1.34  cents  per  ton  of  coal  hauled.  This  does  not  include 
the  cost  of  repairs  but  only  the  gross  depreciation  per  car  of  $20  per 
year. 

For  a  simple  calculation  consider  a  mine  having  four  main 
partings  of  equal  production  which  for  a  given  day  will  supply  an 
equal  number  of  cars,  say  300  each,  or  a  total  of  1200  cars  for  a 
mine  producing  between  4000  and  5000  tons.  If  the  "turn"  runs 
four  cars  per  loader,  75  loaders  will  furnish  300  cars  from  each  of 
four  districts  or  300  loaders  will  be  required  for  the  total.  Consider 
one  unit  of  this  group,  and  assume  that  75  loaders  will  produce  300 
cars  and  that  the  parting  is  5000  feet  from  the  shaft  bottom.  Assume 
also  one  main  locomotive  under  ordinary  operating  conditions,  16 
trips  of  19  to  20  cars  each  at  the  rate  of  one  trip  every  half  hour,  on 
the  basis  of  ten  minutes  running  time  each  way  and  ten  minutes  for 
switching  at  the  two  terminal  points,  this  being  an  easy  operating 
schedule.  Under  favorable  conditions  a  gathering  locomotive  should 
deliver  at  the  parting  100  cars  per  day,  assuming  the  same  number  of 
trips  per  day  as  for  the  main-line  locomotives,  a  running  time  of  6 
minutes,  a  switching  time  of  24  minutes,  and  6  to  7  cars  per  trip. 
This  is,  however,  considerably  higher  than  the  average  Illinois  gather- 
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ing  performance.  At  most  mines  four  locomotives  are  required  to 
handle  300  cars  as  assumed,  operating  on  the  same  schedule  with 
five-car  trips,  and  gathering  approximately  75  ears  per  day  per  loco- 
motive. On  a  practical  operating  basis  with  a  fixed  running  schedule 
of  one  trip  every  half-hour,  the  empty  reserve  on  the  parting  is  zero, 
as  the  times  of  arrival  of  main  and  gathering  locomotives  should  be 
within  a  few  minutes  of  each  other,  just  as  in  the  schedule  operations  of 
ordinary  town  or  city  trolley  cars.  The  total  empty  reserve  in  such 
instances  is  held  practically  on  the  shaft  bottom. 

There  should  be  some  possible  combination  of  the  "turn"  and 
the  number  of  rooms  per  panel  that  will  make  it  possible  to  determine 
the  frequency  of  trips  and  the  number  of  cars  per  trip  for  the  most 
economical  gathering  schedule.  Cars  should  be  distributed  at  uniform 
intervals  throughout  the  day.  If  the  "turn"  is  to  be  8  cars  for  two 
men  then  a  trip  every  hour  should  be  regularly  established.  The 
larger  the  car,  the  longer  the  time  required  for  loading  and  the 
fewer  the  cars  required  for  the  "turn."  If  the  car  is  of  such  capacity 
that  a  six-car  "turn"  gives  the  desired  tonnage,  a  trip  every  80 
minutes  will  be  adequate. 

Standardization 

With  the  object  of  bringing  about  more  uniformity  in  design  and 
construction,  efforts  have  been  made  to  establish  acceptable  standard 
specifications  for  a  few  of  the  main  features  of  coal-mine  cars.  A 
committee  of  the  American  Mining  Congress  for  The  Standardization 
of  Underground  Transportation  Equipment,  cooperating  with  The 
Industrial  Car  Manufacturers'  Institute,  has  recommended  the  follow- 
ing  specifications  for  the  design  and  construction  of  coal-mine  cars: 

(1)  A  track  gauge  of  42  inches  should  be  adopted  for  all  new 
coal  mining  developments. 

(2)  The  most  desirable  wheel-base  is   1"_'  inches. 

(3)  The  overall  length  of  a  car-body  should  be  three  times 
the  wheel-base,   thus  making  the  standard  length  126  inches,  or  10 

feet  <)  inches. 

(4)  Standardized  automatic  couplings,  comparable  i<>  those  of 
surface  railways,  should  he  used.  For  a  car  with  16-inch  wheels  the 
center   of  such    a   coupling   should    be    10    inches   above    the    top   of 
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rail,  with  a  variation  of  1  inch  above  to  accommodate  18-inch  wheels 
and  of  1  inch  below  for  14-inch  wheels. 

Discussion  of  these  features  elicited  the  following  statements : 
AIk ii it  80  per  cent  of  all  new  track-work  in  coal  mines  of  this  country 
is  of  42-inch  gauge.  This  gauge  will  fit  all  mine  conditions  and  will 
accommodate  any  appropriate  car-body.  A  42-inch  wheel-base  is 
theoretically  correct  and  practical ;  it  minimizes  derailment,  increases 
speed  possibilities,  and  tends  to  lengthen  the  life  of  cars. 

Repairs 
The  expense  of  maintaining  mine  cars  is  not  generally  known; 
hence  the  following  data  upon  this  matter  gathered  by  one  large 
Illinois  coal-mining  company  are  of  interest.  During  a  period  of  eight 
months  or  117  operating  days  there  were  400  cars  in  service.  The 
average  weight  of  an  empty  car  was  2000  and  the  average  load  of 
coal  per  car,  5000  pounds.  The  total  tonnage  hauled  was'  292  877, 
with  the  daily  average  per  eight-hour  shift,  2503.  There  were  used 
9279  board  feet  of  oak,  besides  bolts  and  wTashers.  At  this  mine  one 
carpenter  would  finish  all  the  repairs  to  a  two-ton  wooden  car  in  from 
8  to  16  hours.    The  average  life  of  a  car  was  5  years. 

27.  Track  Constriiction. — Proper  track  construction  and  main- 
tenance are  important  in  any  haulage  system,  as  the  expected  benefit 
from  expensive  rolling  equipment  may  be  offset  by  a  poor  track.  In 
many  mines  the  defects  in  track  construction  wTould  be  much  more 
apparent  if  the  track  could  be  lifted  out  intact  and  reproduced  in  all 
its  variations  on  the  surface.  In  development  work  track  of  a  tem- 
porary nature  only  is  laid.  In  the  rooms  where  track  is  intended  only 
for  locomotives  with  one  or  two  cars  moving  at  a  slow  speed  light 
construction  is  used.  But  on  the  main-haulage  track  the  construction 
shonld  be  designed  for  the  heavier  locomotives  and  longer  trips  of 
cars  that  are  now  generally  used. 

Gauge 
The  gauge  of  track  has  a  direct  bearing  upon  the  capacity  of 
coal-mine  cars.  A  narrow  gauge  permits  a  longer  wheel-base  on  sharp 
curves  but  as  a  rule  the  car  is  subject  to  more  derailment.  Gauges 
varying  from  36  to  42  inches  are  common  in  Illinois  bituminous  mines. 
The  maximum  gauge  in  the  state  is  48  inches.    Other  conditions  being 
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equal,  the  wider  the  track  gauge  the  wider  may  be  the  car  and  the 
greater  its  capacity.  In  low  coal  this  is  a  pertinent  factor.  Good 
roof  conditions  permit  wide  gauges.  Entries  are  usually  driven  12 
feet  wide  and  the  42-inch  gauge  has  proved  well  adapted  to  such 
entries. 

Rails 
Until  a  few  years  ago  40-pound  rails  on  the  main  entries,  30-pound 
on  the  cross-entries,  and  20-pound  in  rooms  were  considered  adequate ; 
but  with  the  advent  of  larger  cars,  heavier  locomotives  and  longer 
trips,  the  weight  of  rails  and  sizes  of  ties  and  spikes  have  increased 
considerably.  Numerous  large  companies  have  adopted  as  standard 
not  less  than  50-pound  rails  for  the  main  entries  and  30-pound  for 
rooms  and  cross-entries.  In  some  instances  60-  to  70-pound  rails  are 
used  on  main  entries  with  excellent  results.  Where  large  cars  and 
gathering  locomotives  are  used  30-pound  rails  possess  considerable 
advantage  over  20-pound  rails  for  rooms  and  cross-entries,  as  the 
repair  cost  for  the  heavier  rail  is  but  slightly  more  than  that  for  the 
lighter,  while  the  added  initial  expense — both  for  the  material  and 
labor — is  usually  justified  by  the  rails  lasting  longer. 

Ties 

Timber  ties  of  the  following  sizes  are  generally  used :  main 
entry,  5x6  inches ;  cross  entry,  4x5  inches ;  rooms,  3x4  inches  or 
4x5  inches.  Oak  is  used  if  obtainable,  although  considerable  quan- 
tities of  elm,  hickory,  and  sassafras  are  consumed.  Hewn  ties  with 
the  bark  removed  are  generally  used,  and  are  spaced  18  inches  in 
entries  and  36  inches  in  rooms.  The  sizes  of  spikes  used  are :  for  40 
or  50-pound  rail,  y2x4  inches ;  for  30-pound  rail,  y2  x  3y2  inches ;  for 
20-pound  rail,  y2  x  2y2  inches. 

Steel  ties  are  used  to  a  limited  extent  both  for  entries  and  rooms. 
Their  advantages  are : 

(1)  They  afford  additional  height  of  from  2  to  4  inches  above 
the  rails,  thus  permitting  the  use  of  higher  coal  cars  and  heavier 
loading  of  low  cars. 

(2)  The  ties  are  lighter  in  weight  and  more  easy  to  handle  than 
timber  ties,  therefore  are  more  readily  laid  and  taken  up. 

(3)  The  rails  being  held  by  lugs  the  track  is  easily  kept  at  a 
true  gauge  and  the  spreading  of  rails  is  prevented. 
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(4)  Because  of  the  less  height  of  rail  from  the  ground  a  de- 
railment can  be  more  readily  remedied. 

Switches 
Switches  may  be  classed  under  three  general  heads  according  to 
the  method  of  operation : 

(1)  Ground  track,  in  which  the  lever  lies  close  to  the  ground  and 
moves  either  parallel  to  or  at  right  angles  to  the  track. 

(2)  Switch  stand,  in  which  the  lever  moves  either  perpendicular 
to  the  track  or  rotates. 

(3)  Automatic  or  partly  automatic,  in  which  the  lever  is  thrown 
by  contact  with  a  locomotive,  .or  by  motormen  or  trip  riders  without 
leaving  the  locomotives. 

All  switches  for  main  haulage  roads  should  be  substantial  and 
reliable.  To  avoid  wrecks  and  to  properly  care  for  the  rolling  stock, 
the  lead  should  be  as  long  as  possible  and  should  be  definitely  calcu- 
lated. Manufacturers  of  track  equipment  recommend  a  4-  to  6-foot 
switch-point  to  be  used  wTith  a  No.  4  frog,  the  length  depending  on  the 
length  of  locomotive  wheel-base.  Some  operators  prefer  the  kick 
latch  in  place  of  the  switch-point  operated  by  the  switch-stand.  If 
the  roads  are  kept  clean  the  kick  latch  has  some  advantages  on 
secondary  haulage  roads. 

The  cost  of  switches  varies  with  the  design.  The  following  rep- 
resents average  requirement  of  material  and  labor  and  the  costs  will 
vary  with  their  fluctuations.  The  materials  will  be :  one  No.  4  riveted 
frog  with  6-foot  switch-points;  one  switchstand  with  bridle  and  con- 
necting rods  complete;  forty  5x6  inch  ties;  sixteen  i/2x4  inch 
spikes,  and  eight  special  bonds  and  wiring.  The  labor  will  include 
delivering  material  to  place,  cost  of  laying  the  switch  and  bonding. 

If  gathering  motors  are  used,  the  room  turnouts  are  similar  to 
the  main-line  switches  upon  a  smaller  scale.  Good  practice  at  the 
larger  mines  demands  the  use  of  the  maximum  radius,  which  varies 
usually  from  25  to  35  feet.  These  radii  are  very  nearly  those 
used  with  No.  2  and  No.  2^2  frogs.  If  it  is  desirable  to  carry  the 
track  along  the  rib  it  may  be  necessary  to  change  the  radius  of  the 
curve  entering  the  room.  It  can  readily  be  seen  that  it  would  be 
impossible  to  enter  a  room  neck  10  feet  wide  with  a  turnout  of  25- 
foot  radius  if  the  neck  were  driven  at  right  angles  to  the  entry. 
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A  room  switch  costs  much  less  limn  a  turnout  or  parting  switch 
because  of  the  smaller  size  of  the  rail  and  its  shorter  length.  The 
salvage  value  is  greater  because  it  is  more  quickly  removed.  Cast-steel 
frogs  are  used  at  presenl  for  secondary  haulage  and  have  proved 
entirely  satisfactory;  their  chief  advantage  being  their  low  initial  cost, 
and  their  chief  disadvantage  the  difficulty  of  holding  the  frog  in  place. 

With  mule  haulage  the  switch  is  much  simpler  and  consists  of 
one  frog-point,  one  straight  rail,  and  one  turn  rail.  The  leuglb  of 
lead  will  vary  between  8  feet  6  iuches  and  V2  feet  6  inches,  depending 
on  the  gauge  and  the  wheel-base  of  the  car.  Empty  cars  enter  rooms 
by  being  slewed  over  the  open  fixed  point  by  the  driver.  On  the 
return  the  loaded  car  is  shunted  to  the  entry  road  with  little  jar. 
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V.     Underground  Haulage  Costs 

28.  Cost  Accounting. — Copies  of  the  cost-accounting  sheets  of 
sixteen  well  known  companies  were  studied  for  the  purpose  of  con- 
structing a  table  that  would  show  how  the  companies  itemize  their 
haulage  costs  but,  owing  to  the  lack  of  any  uniformity  in  this  practice, 
the  tabulation  proved  impossible.  Some  companies  maintain  no  special 
account  for  Haulage  but  place  all  wages  for  this  branch  of  mining 
under  General  Expense.  Companies  frequently  include  haulage  and 
hoisting  under  Transportation,  with  so  few  sub-items  as  to  prevent 
analysis. 

Cagers  are  charged  by  four  companies  to  Haulage,  by  three  to 
Hoisting,  by  five  to  General,  by  one  to  Transportation,  and  by  one 
to  Caging,  while  six  companies  do  not  carry  this  item.  Four  accounts 
place  tracklayers  under  Haulage,  six  under  General.  Trappers  are 
charged  to  Haulage  by  but  one  company,  this  occupation  being  usually 
charged  to  Ventilation  or  General.  The  only  occupations  that  are 
uniformly  charged  to  Haulage  are  switchmen,  greasers  and  sand 
driers.  Of  the  13  companies  that  itemize  trip  riders,  11  consider 
them  as  chargeable  to  Haulage. 

It  is  even  more  difficult  to  secure  cost  under  the  subdivisions  of 
shaft-bottom  haulage,  main-line  haulage,  and  gathering  haulage — 
the  three  general  divisions  into  which  mine  haulage  may  logically  be 
divided  and  which  are  necessary  for  a  satisfactory  comparison  of 
details.  Hoisting  and  haulage  are  often  combined.  The  hoisting  cost 
is,  however,  small  in  comparison  with  the  haulage  cost  and  it  is  more 
nearly  uniform  for  different  mines  than  is  the  haulage  cost. 

29.  Standardizing  Cost  Accounts. — The  lack  of  uniformity  in 
the  accounting  of  coal-mining  costs  applies  not  only  to  haulage  but 
to  every  other  phase  of  the  industry,  as  operating  companies  naturally 
object  to  the  radical  changes  in  bookkeeping  necessary  for  the  adop- 
tion of  a  universal  system.  Thus,  close  comparison  of  expenses  and 
profits  of  companies  operating  under  either  similar  or  dissimilar 
natural  or  commercial  conditions — a  study  that  would  yield  informa- 
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tion  of  value  in  dealing  with  commercial  and  industrial  problems — 
has  been  impossible. 

The  Committee  on  Standard  System  of  Accounting  and  Analysis 
of  Cost  Production  of  the  National  Coal  Association  has  prepared 
the  following  schedule  of  the  natural  subdivisions  of  the  work  in  and 
around  a  coal  mine : 

1.  Mine  Office 

2.  Superintendence 

3.  Engineering 

4.  Mining 

5.  Timbering 

6.  Deadwork 

7.  Tracklaying 

8.  Drainage 

9.  Ventilation 

10.  Haulage  and  Hoisting 

11.  Dumping  and  Tallying 

12.  Preparation 

13.  Railroad  Car  Loading  and  Yard  Expense 

14.  Power 

15.  Repairs  to  Buildings  and  Permanent  Structures 

This  same  committee  explains  that  haulage  and  hoisting  should 
be  accounted  as  follows : 

Generation  and  Transmission  of  Power 

This  item  includes  the  proportion  of  expense  of  generating  power 
chargeable  to  haulage  and  the  construction  and  upkeep  of  transmis- 
sion lines  and  haulage  circuits. 

Care  and  Maintenance  of  Equipment 
This  item  covers : 

(a)  Hoisting  and  haulage  engine  repair  parts,- lubricants,  pack- 
ing and  waste,  and  wages  of  hoisting  engineer  and  mechanics  employed 
in  care  and  repair;  hoisting  and  haulage  ropes,  cage  repairs,  and 
replacements;    safety  devices,  guides,  and  sheaves. 

(b)  Care  and  maintenance  of  motors;  when  motor  haulage  is 
used,  repair  parts  and  labor  of  care  and  repair. 
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(c)  Care  and  maintenance  of  pit-cars;  labor  and  material  used 
in  keeping  pit-cars  in  repair ;  new  cars  to  replace  wrecked  or  worn- 
out  cars,  and  additional  cars  necessary  to  maintain  output  by  reason  of 
increasing  length  of  haul  after  mine  has  reached  its  contemplated 
output  capacity. 

(d)  Care  and  maintenance  of  live  stock,  harness,  stable  supplies, 
grain  and  hay,  wages  of  stablemen  and  veterinary,  clipping  and 
shoeing,  etc. 

Conducting    Transportation 
This  item  includes  wages  of  drivers,  boss  drivers,  motormen,  trip 
riders,   couplers,   eagers,   pushers,   oilers,   trappers,   switch  throwers, 
jackmen,  and  that  part  of  hoisting  engineer's  wages  not  charged  to 
Maintenance  and  Repairs. 

Maintenance    of   Way 
This  item  includes  repairing  roads,  cleaning  roads,  relaying  track, 
also  new  ties,  rollers  for  rope  haulage,  etc. 

Under  the  head  of  Tracklaying  the  committee  report  says : 

"While  track  is  immediately  connected  with  and  necessary  for  the  transporta- 
tion of  coal  to  the  shaft  bottom,  and  hence  a  necessary  item  incident  to  Haulage, 
it  has  long  been  regarded  as  a  significant  item  in  the  cost  sheet,  and  should 
stand  by  itself.  To  this  account  should  be  charged  rails,  ties,  spikes,  and  fasten- 
ings, and  the  labor  of  grading  roads  and  tracklaying  in  advancing  work.  Eepairs 
to  track  should  be  charged  to  Haulage  and  Hoisting  under  Maintenance  of  Way. 
Purchases  of  track  material  should  be  charged  to  Track  Material  Account,  and 
as  the  material  is  taken  into  the  mine  it  should  be  credited  and  charged  Track- 
laying.  ' ' 

The  committee's  explanation  of  the  item  Tracklaying  (usually 
called  Trackwork  by  operators)  illustrates  a  common  reason  for  dis- 
agreements between  haulage  costs  as  estimated  by  various  companies. 
As  noted  above,  rails,  ties,  etc.  for  advancing  roads  are  charged  under 
a  separate  item  Track,  while  relaid  track  is  a  part  of  haulage  under 
Maintenance  of  Way.  If  track  is  pulled  out  of  an  entry  and  used  in 
a  new  entry  is  it  to  be  considered  relaid  and  chargeable  to  Haulage 
or  as  advancing  work  and  chargeable  to  Tracklaying?  This  is  merely 
an  instance  of  the  difficulty  of  defining  any  system  of  segregated  items 
so  clearly  that  it  is  not  open  to  misinterpretation. 

In  its  wartime  collection  of  costs  the  Federal  Trade  Commission 
asked  for  haulage  costs  under  the  following  heads: 
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Haulage : 

Animal 

Mechanical 

Equipment  Repairs 

Stable  Expense 

Labor 

Supplies 

Total 

The  following  items  in  the  Instructions  for  Compiling  Coal- 
Mining  Costs  have  direct  bearing  upon  haulage : 

Labor— Haulage. — This  account  shall  include  the  wages  of  hoisting  engineers, 
cagers  (top  and  bottom),  motormen,  brakemen,  trip  riders,  switchmen,  couplers, 
greasers,  spraggers,  stable  boss,  drivers,  sand  dryers,  and  other  labor  employed  to 
operate  the  haulage  facilities  other  than  standard  gauge  railroad  equipment. 
"Wages  of  employees,  such  as  electricians,  blacksmiths,  trackmen,  car  and  locomo- 
tive repair  men,  and  men  engaged  in  maintaining  haulage  equipment  and  tracks, 
shall  be  charged  to  Maintenance  Account. 

Maintenance  and  Repair. — This  account  shall  include  the  cost  of  labor  em- 
ployed in  repairing  and  maintaining  (1)  the  tipple,  powerhouse,  tracks,  and  other 
mine  structures;  (2)  mining  machines,  pumps,  fans,  boilers,  engines,  motors, 
locomotives,  mine  cars,  and  other  mining  equipment. 

Feed  and  Oilier  Stable  Supplies. — This  account  shall  include  the  cost  to 
the  operator  of  feed,  bedding,  and  other  stable  supplies. 

Supplies — Maintenance  and  Repairs. — This  account  shall  include  the  cost 
(1)  of  supplies  used  in  maintaining  and  repairing  the  tipple  structure,  power- 
house, and  other  mine  buildings  and  structures,  and  (2)  of  supplies  and  parts  used 
in  repairing  mining  machines,  pumps,  fans,  boilers,  engines,  motors,  locomotives, 
mine  cars,  tracks,  and  other  mining  equipment. 

Here  are  four  separate  items  for  haulage,  any  one  of  which  might 
be  quoted  from  a  government  publication  and  be  misleading  as  cover- 
ing only  part  of  the  haulage  costs. 

30.  Itemized  Haulage  Costs  for  Typical  Large  Illinois  Mines. — 
Table  12  gives  transportation  costs  for  twelve  mines  itemized  as  sug- 
gested by  the  Coal  Association  except  that  the  cost  of  hoisting  has  been 
deducted  when  possible.  Two  of  these  mines  G  and  H  are  also  listed 
in  Table  3  of  shaft-bottom  costs.  In  general  the  average  daily  produc- 
tion of  the  mines  in  Table  12  is  less  than  of  those  in  Table  3.  The 
costs  per  ton  in  Table  3  apply  only  to  the  shaft-bottom  labor,  whereas 
the  costs  in  Table  12  cover  all  haulage  labor. 
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The  effect  of  daily  production  on  shaft-bottom  costs  is  shown 
by  Table  3,  for  the  average  labor  cost  per  ton  in  the  six  largest  mines 
is  26.33  cents  while  in  the  six  smaller  mines  it  is  41.32  cents.  Similarly 
the  average  is  39.51  cents  as  against  58.22  cents  in  the  six  smaller  mines. 

As  shown  by  Table  3,  there  is  cost  advantage  in  handling  large 
cars  on  the  shaft  bottom ;  not  only  is  this  cost  lowest  where  the  largest 
cars  are  used  and  highest  where  the  smallest  cars  are  used — which 
might  be  accidental — but  the  average  cost  in  four  mines  where  cars 
holding  4  tons  and  over  are  used  is  1.31  cents  per  ton,  whereas  in  6 
mines  where  cars  holding  less  than  4  tons  are  used  it  is  1.51  cents  per 
ton. 

In  Table  13  hoisting  costs  are  given  for  comparison  with  haulage 
costs.  The  effect  of  tonnage  upon  costs  is  more  pronounced  in  hoisting 
than  in  haulage. 

Table  13 

Haulage  Costs  at  Five  Mines  of  Common  Ownership 

In  Cents  per  Ton 


Items 


Period 


Gathering .  .  . 
Main  haulage 

Track  work    . 


Total  haulage 


Tons  mined .  . 
Hoisting  .... 
Days  worked 


.  I 


10.73 
4.16 
4.42 


19.31 


47  602 

1.47 

25.00 


II 


in  :,:, 

2.67 

13.91 


27.13 


88  018 

1.09 

26.00 


III 


10.61 
5.80 

8. OS 


24.49 


41  702 

2.04 

26 .  00 


IV 


:.   ss 

3.89 

17  06 


30 .  S3 


7::  758 

1.30 

26.00 


Averages 


13.63 
4.07 
8.03 


25.73 


37  928 
3.81 

25  on 


11   08 

1    12 

10.30 


2.".   .",0 


57  S02 

1  94 

25  60 


Gathering  .  .  . 
Main  haulage. 
Trackwork 


10.60 
4.05 
4.98 


1 1 .  57 
2.20 
13.54 


12.47 
6.78 


Total  haulage . 


Tons  mined .  . 

Hoisting 

Days  worked 


j  8   7:; 

:;  20 

J8.8S 


26.12 
5.59 
4.65 


13.90 
4  36 
8.41 


19.63 


27.31 


29.23 


20.81 


36.36 


26.67 


28  921      55  951 

2.44  1.72 

13.00        15  on 


28  541 

2  58 

IS. 00 


61  121 

1.S9 

20  00 


1418 

15.87 
3.00 


35  790 
4.90 
14.00 


In  Mines  I  and  V  gathering  is  by  mules;  in  the  other  mines  it  is  by  storage-battery  locomotives. 
All  main  haulage  is  by  trolley  locomotives. 


The  sub-items  considered  in  obtaining  the  above  costs  are  as 
follows : 

Trackwork — Tracklayers,  helpers,  handling  track  material,  grading  track 
(laborers). 
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Gathering — Mule  feeder,  blacksmith  (part  time),  drivers,  veterinary  service, 
boss  driver,  motormen  on  gathering  motors,  trip  riders'  on  gathering  motors, 
Lattery  charger,  electrician   (part  time),  labor  on  repairs,  trappers,  and  flaggers. 

Main — Motormen,  trip  riders,  electrician  (part  time),  switch  thrower,  wire- 
men   (part  time),  other  labor  on  repairs,  trappers  and  flaggers. 

The  following  are  labor  costs  chargeable  to  Haulage,  exclusive  of 
generation  and  transmission  of  power,  at  an  Illinois  mine  which  pro- 
duces an  average  of  5000  tons  daily : 


1  eager     . 

2  eager  helpers 
2  blockers 
2  couplers 
2  oilers    . 

1  switcher 

2  sump  cleaners 
7  drivers 

19  motormen   . 
19  trip  riders 
19  tracklayers 
16  track  helpers 
11  repairmen 

4  cleaning  falls 

7  brushing     . 

1  sprinkling  roads 
1.5  cleaning  roads 

3  hauling  dirt 

1  mule  feeder    .  . 

2  electric  bonders 

4  locomotive  repairmen 


Total   .      .      . 
Haulage  wage  per  ton 


$  7.50 

14.50 

14.50 

14.50 

14.50 
7.25 

14.50 

52.50 
152.76 
142.50 
142.50 
116.00 

80.00 

30.00 

50.75 
7.50 

12.50 

22.50 
7.50 

15.00 

30.00 

$949.26 

18.99  cents 


Labor,  delivery  of  material  and  supplies: 

1  eager $  7.50 

1  eager  helper 7.25 

5  drivers ...  37.50 

Total $52.25 

Daily  wage  per  ton 1.04  cents 

Total  haulage  labor  cost  per  ton 20.03  cents 
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At  another  large  mine  with  an  average  daily  output  of  5200  tons 
the  average  number  of  employees  engaged  in  haulage  operating  and 
in  maintenance  of  way,  and  their  total  wages,  arc  as  follows  : 

3  haulage  bosses $  24.18 

29  motormen 233.74 

29   trip  riders 217.50 

32  trappers 128.00 

6  jackmen 43.50 

6  repairmen 45.00 

2  electricians 15.00 

1  oiler 7.25 

33  tracklayers .    247.50 

27  track  helpers 195.75 

18  timbermen 130.50 

8  road  cleaners 58.00 

1  sprinkler 7.50 

2  bonders 15.00 

4  cagers 29.50 

6  blockers 43.50 

1  switcher 7.25 

2  couplers 14.50 

Total $1463.17 

Total  haulage  wage  cost  per  ton 28.14  cents 

At  one  mine  producing  4500  tons  daily,  the  following  items  cover 
the  daily  labor  costs  of  maintaining  and  conducting  haulage : 

Maintenance : 

1  chief  electrician,  half  time $  6.50 

1  shop  foreman,  half  time 5.50 

1  motor  charger,  half  time 7.50 

1  sub-station  attendant,  half  time 4.52 

1  motor  oiler 7.50 

1  electrician 7.50 

23  tracklayers  at  $7.50 172.50 

16  track  helpers  at  $7.25 116.00 

6  road  cleaners  at  $7.25 43.50 

2  sump  cleaners  at  $7.25 14.50 

4  car  repairers  at  $7.50 30.00 

1  oiler 7.50 

Total $423.02 

Total  maintenance  wages  per  ton 9.4  cents 
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Conducting : 

16  motormen  at  $8.06 '.  .$128.96 

16  trip  riders  at  $7.50 120.00 

1  motor  boss 11.00 

1  eager 7.50 

2  spraggers  at  $7.25 14.50 

1  coupler 7.25 

1  switcher .  7.25 

Total $296.46 

Total  conducting  wages  per  ton 6.6  cents 

This  represents  high  efficiency.  No  trappers  are  employed. 
Double  swinging  doors  are  opened  automatically  by  the  locomotives, 
but  the  item  of  maintenance  of  doors  is  not  included  in  cost. 

At  this  same  mine  the  electric-power  costs  for  haulage  for  the  year 

1919  were : 

Kw-hr. 

Total  kw-hr.  used  by  trolley  locomotives 130  210 

Total  kw-hr.  charging  battery  locomotives    ....      129  650 

Total  kw-hr.  for  haulage 259  860 

The  cost  of  this  power  at  the  rate  of  3.5  cents  per  kilowatt-hour 
was  $9094.10.  During  the  year  the  mine  produced  373  847  tons  of 
coal,  thus  making  the  power  cost  for  haulage  about  2.4  cents  per  ton. 
The  complete  haulage  costs,  not  including  any  materials,  were  per 
ton : 

Cents 

Wages  for  maintenance 9.4 

Wages  for  conducting 6.6 

Power 2.4 

Total 18.4 

Table  14  details  the  haulage  costs  in  cents  per  ton  for  two  large 
Illinois  mines  during  January  and  February,  1921. 

These  two  mines  operate  under  similar  natural  conditions. 
Mine  A  has  the  longer  hauls  and  there  is  no  division  between  main 
and  gathering  haulage,  whereas  Mine  F  has  two-stage  haulage.  Al- 
though general  conclusions  must  not  be  drawn  from  these  two  mines 
nor  for  such  a  short  period,  the  marked  difference  in  cost  between  the 
two  systems  suggests  the  desirability  of  a  more  extended  study  of 
the  two  systems. 
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Table  14 

Haulage  Costs  at  Two  Illinois  Coal  Mines 

In  Cents  per   Ton 


Tonnage  for  month 

Tonnage  Daily 

Occupations: 

Motor  Bosses 

Motormen 

Trip   Riders 

Couplers 

Cagers 

Other  Bottom  Men 

Flagmen 

Jackmen 

Maintenance  of  Way 

Trappers 

Track  Bosses 

Tracklayers 

Track  Helpers 

Totals 

Repairs: 

Labor  on  Mine  Cars 

Supplies  for  Mine  Cars 

Totals 

Labor  on  Locomotives 

Supplies  for  Locomotives 

Totals 

Total  Cost  per  Ton  Exclusive  of  Power 
and  Track  Equipment 


Mine  A 


Jan. 


Feb. 


92  560 
4  500 

0.63 
3.54 
2.63 
0.26 

0.42 
1.16 
1.71 
0.17 
3.35 
1.06 
0.26 
2.70 
2.35 


62  188 
4  480 

0.93 
3.36 
2.64 
0.29 
0.48 
1.12 
1.59 
0.17 
2.32 
0.89 
0.36 
2.02 
1.51 


Mine  F 


Jan. 


88  072 
3  500 

0.32 
4.64 
4.02 
0.40 
0.83 
0.79 
4.26 

2.68 
0.50 

7.21 
4.46 


Feb. 


15  383 

3  700 

0.62 
4.43 
3.83 
0.38 
0.86 
0.72 
3.35 
0.13 
2.01 
0.67 

7.03 
5.03 


20.24 


17.68 


30.71 


2!  I. Of, 


1.92 
2.17 


2.19 

2.95 


4.00 


3.22 
1.07 


4.29 


3.31 
2.31 


5.62 


1.36 
1.14 


1.43 
2.38 


2.09 
2.79 


2.60 
2.58 


2.50 


3.81 


26.  S3 


26.63 


4.88 


39.88 


39.86 


Table  15  gives  the  haulage  employees  and  the  total  labor  costs  in 
cents  per  ton  for  four  large  Illinois  mines. 

The  following  estimates  of  haulage  wages  are  for  mines  having 
electric  haulage  exclusively.  The  figures  cited  as  ranges  of  costs  per 
ton  are  distributed  under  four  items.  Main-haulage  and  general  wage 
costs  are  about  equal  and  each  is  about  double  the  shaft-bottom  wrage 
cost  per  ton.  The  labor  cost  of  gathering  haulage  usually  equals  or 
exceeds  the  sum  of  the  three  other  items. 

Shaft-Bottom  Haulage 1  to  3  cents 

Cagers,   spraggers,   blockers,  couplers,  car   distributors,   and  all 
other  employees  handling  cars  on  shaft  bottom  only 
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Main    Haulage -     .      .      2  to  6  cents 

Motormen,  trip  riders,  trappers,  trackmen,  tiniberinen,  wire- 
men,  road  cleaners,  switch  throwers,  etc.,  engaged  directly  on 
main  haulage. 

Gathering  Haulage ' 8  to  15  cents 

All  employees  engaged  in  hauling  coal  on  the  inside  divisions, 
including  motormen,  trip  riders,  drivers,  trappers,  and  all  track- 
men and  such  timbermen  as  are  necessary  for  maintenance  of 
way. 

General 2  to  6  cents 

All  employees  connected  with  haulage  as  a  whole,  as  oilers,  elec- 
tricians (unless  strictly  main  haulage),  repairmen,  sump  cleaners, 
etc. 

Total  operating  haulage  labor  cost  thus  may  vary  between  13  cents 
and  30  cents  per  ton.  As  the  tonnage  varies  at  a  given  mine  on 
different  days  there  will  be  a  variation  in  the  daily  haulage  cost  per 
ton,  even  with  the  same  working  force. 

Table  15 

Haulage  Labor  Costs  at  Four  Large  Illinois  Coal  Mines 

In  Cents  per  Ton 


Mine  1 

Mine  2 

Mine  3 

Mine  4 

Occupations 

Main 

Gather. 

Main 

Gather. 

Main 

Gather. 

Main 

Gather. 

Motormen 

3 
3 

11 

12 
12 
16 
16 

2 

4 
4 
2 
2 

1 

4 
4 

2 
2 
8 

8 
5 

9 
2 

12 

3 
3 

] 

15 
15 
21 

4 
4 

7 
7 

1 

14 
14 

15 

Track  Helpers 

Switch  Throwers 

15 

14 

4 

2 

1 

1 

Totals 

18 

58 

21 

48 

7 

53 

23 

79 

Total  Cost  Labor.  . 

$131.41 

$437.48 

$144.41 

$283.08 

$54 . 12 

$405.10 

$172.10    $542.27 

4.500 

3800 

3400 

4000 

Labor  cost  per  ton: 
Main 

3.0 

9.7 

3.8 

7.4 

1.6 

12.0 

4  3 

13  5 

Total  per  Ton,  cents 

12.7 

11.2 

13.6 

17.8 
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VI.     Haulage  Accidents 

31.  Haulage  Fatality  Statistics. — Table  16  gives  the  coal  mine 
haulage  fatalities  in  the  United  States  and  in  Illinois  for  the  period 
1901  to  1920  inclusive,  together  with  the  average  percentage  of  all 
fatalities  for  each  five-year  period.  For  the  past  ten  years  haulage 
fatalities  have  been  second  in  importance  only  to  those  from  falls. 
These  two  classes,  which  make  up  from  60  to  70  per  cent  of  the  number 
of  deaths  underground,  occur  for  the  most  part  singly  or  in  small 
groups,  hence  do  not  attract  public  attention  to  the  same  extent  as 
do  explosions,  which  are  third  in  importance.  The  number  of  deaths 
from  falls  is  remarkably  uniform  year  after  year,  forming  almost  50 
per  cent  of  the  total  fatalities.  Haulage  deaths  have  been  constantly 
increasing  in  per  cent  of  the  total  and  therefore  should  be  given  more 
attention  as  they  seem  to  a  great  extent  to  be  preventable. 

In  Illinois  the  percentage  of  deaths  from  falls  of  roof  and  pillar 
coal  approximates  that  for  the  United  States  but  the  percentage  of 
deaths  from  haulage  is  higher  and  shows  a  decided  increase  during  the 
past  decade.  Such  haulage  fatalities  are  due  not  only  to  mine  cars  and 
locomotives  but  also  to  electricitv  and  animals  as  shown  in  Table  17. 


Table  16 

Coal  Mine  Fatalities  due  to  Haulage 

By  Five- Year  Periods 


United  States 

Illinois 

Period 

Total              , ,      ,                 Per  Cent 
Underground       haulage                 of 
Fatal.,  us         Fatalities            ToUll 

Total 

Underground 

Fatalities 

Haulage 
Fatalities 

Per  (i  nt 

of 

Total 

1901-1905 

1906-1910  

1911-1915 

1916-1920 

8  428 
12  017 
11   124 
10  771 

1097 
1649 

1939 
2201 

13.0 
13.7 
17.0 
20.4 

668 

1024 

753 

904 

84 
145 
191 
278 

12.6 
14.2 

LV>    1 

30.8 

Totals  1901-1920 

42  640 

6886 

16.1 

3349 

698 

20.8 
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Table  17 

United  States  Coal-Mine  Fatalities  due  to  Haulage 

Classified  as  to  Causes 


Causss 


Year 


1916 


1917 


1.  Mine  Cars  and  Locomotives: 

Switching  and  Spragging 17 

Coupling  Cars 12 

Falling  from  Trips 43 

Run  over  by  Car  or  Locomotive 147 

Caught  between  Car  and  Rib 87 

Caught  between  Car  and  Roof , 12 

Runaway  Car  or  Trip 42 

Miscellaneous 30 

Totals 390 

2.  Electricity: 

Direct  Contact  with  Trolley  Wire 06 

Bar  or  Tool  Striking  Trolley  Wire 5 

Contact  with  Locomotive  Parts 1 

Totals 72 

3.  Animals 8 

Total  Fatalities  Chargeable  to  Haulage 470 

Total  Fatalities  Due  to  Coal  Mining 2226 

Per  Cent  Due  to  Haulage 21 . 1 


6 

7 

29 

187 

122 

20 

67 

50 


1918 


1919 


15 

11 
36 
203 
113 
27 
68 
33 


488 


506 


12 

6 

17 

149 

105 

23 

42 

27 


[381 


13 
26 
163 
98 
18 
43 
38 


405 


46 
2 
4 


55 
4 

1 


39 
2 


29 
3 
3 


52 


60 


35 


549 


574 


444 


2C96 


2580 


2317 


2260 


20.2 


18.4 


19.7 


Even  falls  are  frequently  caused  initially  by  derailed  cars  knocking 
out  roof  supports. 

Table  17  gives  the  classification  of  the  causes  of  haulage  fatalities 
in  the  United  States  for  the  five-year  period,  1916-1920. 

32.  Haulage  Accidents  in  Illinois. — Table  18  gives  a  more  de- 
tailed causal  analysis  of  haulage  accidents  for  Illinois,  and  the  accom- 
panying graph,  Fig.  27,  shows  the  variation  of  the  percentages  of 
haulage  to  total  fatalities  throughout  the  period  1902-1921.  The 
latter  half  of  the  period  is  fairly  indicative  of  present  operating  condi- 
tions. For  the  past  ten  years  haulage  fatalities  have  averaged  27  per 
cent  of  the  wliole.  During  the  years  1918  to  1921  inclusive  the  average 
number  of  employees  in  Illinois  coal  mines  was  88  274  per  year.    These 
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Table  18 
Causal  Analysis  of  Haulage   Fatalities  in  Illinois 


Causes 


Switching  and  Spragging 

Coupling  Curs 

Falling  from  Trips 

Run  over  by  Car  or  Locomotive 

Caught  between  Car  and  Rib 

Caught  between  Car  and  Face 

Caught  between  Car  and  Roof 

Caught  between  Cars  (not  Coupling)  . 

Runaway  Car  or  Trip 

Jumping  on  or  off  Car  or  Locomotive. 

Collisions 

Derailments 

Killed  by  Cars,  not  Stated 

Roof  Falls 

Animals 

Contact  Trolley  Wire 

Miscellaneous 


Period 


1902-05    1906-10    1911    15    1916-20       L921         Totals 


s 

1 

39 

15 

12 

0 

9 

11 

10 

3 

6 


31 
29 

20 
0 

I 

7 

8 

5 

13 

62 

1 

8 

12 

1 


7 
L3 
22 

72 
29 

4 
7 
10 
11 
11 
8 
15 
.-,4 
0 
7 
18 
4 


1 

3 
3 

24 

4 
0 
2 
3 
0 
0 
3 
2 
8 
8 
0 
3 
1 


26 
23 
L06 
1 52 

74 
4 
25 
33 
31 
24 
25 
4.5 
134 
10 
23 
39 
10 


Total  Haulage  Fatalities 


75 


782 


Total  Coal-mining  Fatal  it  tea 


611 


1122 


856 


1020 


J22 


3831 


Per  Cent  Haulage  Fatalities 12.3 


24  9 


28.6 


29.3 


four  years  are  selected  because  they  represent  recent  average  condi- 
tions and  the  statistics  are  complete.  The  average  number  of  haulage 
employees  per  year  was  12  493 ;  hence  the  duties  of  mine  haulage 
required  more  than  one-seventh  of  the  entire  number  of  coal  mine 
workers  in  the  state.  For  these  same  years  in  Illinois  there  were  243 
fatalities  directly  attributable  to  haulage  as  against  870  total  coal- 
mine fatalities.  These  fatalities  averaged  respectively,  60.75  and  217.5 
annually.  Since  60.75  haulage  fatalities  were  sustained  among  88  274 
employees,  this  was  1  for  each  1453  men  employed  about  coal  mines. 

Even  among  those  75  781  employees  who  positively  had  no  duties 
connected  with  haulage,  Table  19  shows  that  the  annual  haulage  fatali- 
ties for  this  same  four-year  period  averaged  19.25,  or  one  in  3937, 
thus  leaving  an  average  of  41.5  haulage  employees  killed  each  year  in 
the  discharge  of  their  duties.  There  being  1  li  493  such  employees,  it 
follows  that  the  mortality  was  one  per  301  men. 

The  number  of  deaths  occurring  year  by  year  naturally  increases 
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with  increase  in  production  and  number  of  men  engaged.  Thus,  as 
shown  in  Table  19,  while  the  production  has  increased  rapidly,  it  has 
always  been  more  than  1  000  000  tons  of  coal  per  fatal  haulage  acci- 
dent, the  best  record  being  in  1905,  slightly  more  than  3  000  000  tons, 
and  the  lowest  in  1913,  1124  476  tons.  The  average  for  the  whole 
period  is  about  1  500  000  tons. 

The  graph,  Fig.  28,  shows  a  periodicity  in  the  fatalities  directly 
attributable  to  underground  haulage.  It  can  be  seen  that  the  peaks 
and  depressions  do  not  coincide  with  similar  features  of  the  curve  for 
total  coal-mining  fatalities,   Fig.   27.     The  large  numbers   of   fatal 
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Table  19 
Kelation  between  Coal  Production  and  Haulage  Fatalities  in  Illinois 


Production 

• 

Total 
Haulage 
Fatalities 

Total 

Fatalities 

Haulage 

Employees 

Fatalities 

Non- 
Haulage 
Employees 

Fatalities 
to  Drivers 

Fatalities 

to  Motormen  j 

and  Trip  Riders 

Tons  per 

Year 

No. 

Per 

Cent 

No. 

Per 

Cent 

Haulage 
Fatality 

1902 

30  021  300 

15 

13 

2 

10 

66.70 

2  001  420 

1903 

34  955  400 

19 

15 

4 

14 

73.11 

1  839  757 

1904 

37  077  897 

29 

21 

8 

16 

55.17 

1  278  544 

1905 

37  183  374 

12 

9 

3 

8 

66.66 

3  09S  614 

1906 

38  317  581 

22 

18 

4 

15 

68.18 

1 

4.54     1  741  708 

1907 

47  79S  621 

29 

22 

7 

17 

58.62 

1 

3.44  1  1  648  228 

1908 

49  272  452 

35 

31 

4 

25 

71.42 

1  407  784 

1909 

49  163  710 

30 

23 

7 

18 

60.00 

2 

6.66     1638  790 

1910 

48  717  853 

23 

23 

0 

20 

si;  <t.-, 

1 

4.34  I  2  US  170 

1911 

50  165  099 

37 

30 

7 

22 

59.45 

3 

8.10     1  355  813 

1912 

57  514  240 

40 

32 

8 

20 

50.00 

5 

12 . 50     1  437  856 

1913 

61  846  204 

55 

37 

18 

22 

40.00 

6 

10.90     1  124  476 

1914 

60  715  795 

45 

35 

10 

20 

44.44 

10 

22.22  il  350  352 

1915 

57  601  694 

36 

25 

11 

13 

36.11 

9 

25.00     1600  047 

1916 

63  673  530 

44 

29 

15 

18 

40.90 

5 

11.36  |  1  446  443 

1917 

78  983  527 

70 

48 

22 

28 

40.00 

14 

20.00     1  128  336 

1918 

89  979  469 

74 

51 

23 

20 

26.66 

21 

28.00     1  199  726 

1919 

75  099  784 

55 

36 

19 

14 

25.00 

16 

28.57     1  341  067 

1920 

73  920  653 

49 

25 

24 

9 

18.38 

7 

14.29     1508  585 

1921 

80  121  948 

65 

54 

11 

18 

27.69 

28 

43.08     1232  645 

Ave  and 

Totals 

1  122  130131 

784 

577 

207 

347 

44.25 

129 

16.45 

1  431  287 

accidents  that  occurred  in  1905,  1910,  and  1915  were  caused  by  serious 
disasters  such  as  fires  and  explosions  but  it  would  seem  that  haulage 
employees  suffered  least  of  all  the  classes  of  underground  employees. 
The  peaks  in  the  curve  for  haulage  fatalities,  Fig.  28,  preceded  the 
peaks  of  total  fatalities  by  a  year  or  two  in  each  instance  and  the  ques- 
tion suggests  itself,  did  not  the  haulage  employees  naturally  become 
more  careful  after  each  time  of  heavy  loss  and  in  consequence  conduct 
their  duties  with  special  attention  to  ' '  safety  first ' '  ? 

The  relative  hazards  incident  to  the  occupations  of  those  killed 
in  connection  with  haulage  are  shown  by  Table  20  and  the  graph, 
Fig.  29.  It  can  be  expected  that  with  the  more  extended  use  of 
mechanical  haulage,  with  increased  speed  and  size  of  equipment,  and 
with  the  utilization  of  haulage  ways  as  traveling  ways,  the  hazard  to 
emploj'ees  other  than  haulage  employees  will  be  increased.     During 
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the  period  1902  to  1921,  inclusive,  non-haulage  employees  sustained 
28.8  per  cent  of  the  total  haulage  fatalities,  as  shown  by  Table  20. 

Since  1915  the  number  of  non-haulage  employees  killed  each  year 
has  exceeded  the  number  of  motormen  and  trip  riders  killed;  and, 
since  1918,  has  even  exceeded  the  number  of  drivers  or  motormen  and 
trip  riders  killed — the  largest  groups  among  haulage  employees.  The 
classes  of  employees  included  in  haulage  fatalities  are  given  in  Table 
20  in  which  the  first  ten  occupations  are  essentially  connected  with 
haulage.  It  seems  that  the  accidents  to  non-haulage  employees  can 
be  most  readily  prevented  and  should  be  given  special  attention.  . 

Table  21  gives  a  comparison  of  the  haulage  hazard  for  various 
counties  in  the  state  for  a  period  of  nine  years.  As  Franklin  county 
not  only  has  the  largest  number  of  fatalities  per  million  tons,  but  is 
now  the  largest  producing  county  in  the  state,  a  detailed  study  of  the 
casualties  in  that  county  was  made  (Table  22).    Of  the  mine  fatalities 
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Fig.  28.      Graph  of  Illinois  Coal  Mine  Haulage  Fatalities 
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Table  20 
Haulage  Fatalities  in  Illinois — Classified  by  Occupations 


Occupations 


Period 


Haulage  Employees: 

Drivers 

Trip  Riders 

Trappers 

Motormen 

Track  and  Road  Men 

Spraggers 

Switchmen 

Couplers 

Electricians 

Grippers 

Total  Haulage  Employees . 

Non-Haulage  Employees: 

Miners 

Laborers 

Managers  and  Assistants 

Cagers 

Timbermen 

Pipemen  and  Pumpmen 

Machine  Runners 

Bratticemen 

Blacksmiths 

Hoist  Engineers 

Shot-firers 

Mining  Engineers 


1902-05      1906-10      191]    1" 


ts 
0 
6 
0 
2 
1 
0 
0 
0 
0 


'.'7 
24 
11 
9 
3 
1 
2 
1 
0 
0 


1916-20 


89 
44 
16 

17 
9 
1 
2 
3 
4 
0 


1921      Totals 


347 
92 

45 
35 
18 

6 


57 


1S5 


558 


38 
11 
4 
9 
2 
0 
0 
0 
0 
0 
0 
1 


59 

17 
12 
5 
4 
3 
2 
2 
2 
0 
1 
0 


130 

39 

19 

18 

8 

3 

2 

2 

2 

1 

1 

1 


Total  Xon-Haulage,  Employees 

18 

25 

65 



107 

11 

226 

75 

139 

213 

292 

65 

784 

Per  Cent,  Haulage  Employees 

76 

0 

82.0 

69.5 

63.4 

83.1 

71.2 

Per  Cent,  Non-Haulage  Employees . 

24 

0 

1S.0 

30.5 

36.6 

16.9 

28.8 

in  Franklin  county  during  15  recent  years,  22  per  cent  have 
been  due  to  haulage,  while  during  the  last  five  years  28  per  cent 
have  been  due  to  the  same  cause.  Undoubtedly,  large  producing 
mines,  large  capacity  cars,  and  high  speed  are  the  chief  reasons  for 
the  increased  number  of  haulage  fatalities. 

Table  23  presents  statistics  for  one  year  for  the  non-fatal  accidents 
that  occurred  in  a  selected  group  of  typical  Illinois  coal  mines.  In  this 
same  year,  1919,  the  total  number  was  2620,  so  that  roughly  speaking 
this  table  covers  one-third  of  all  such  accidents  in  the  state. 
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Table  21 

Relation   of   Haulage   Fatalities   to   Production 

F'or  Period  of  Nine  Years  in  19  Coal-Mining  Counties  of  Illinois 


County 

Tonnage 

Fatalities 

Fatalities  per 
Million  Tons 

Franklin 

69  263  400 
26  259  295 
6  948  458 
26  908  926 
80  906  264 

38  700  228 
19  595  117 

18  901  802 
35  766  010 
53  303  653 
49  194  248 

4  483  649 

19  182  399 

39  369  969 
43  627  890 

9  773  729 
10  988  907 
9  103  527 
9  453  052 

97 

29 

7 

24 

72 

33 

14 

13 

25 

36 

33 

3 

12 

21 

19 

4 

4 

1 

0 

1.40 
1   10 

1.01 
0.90 
0.89 
0  83 

Fulton 

Sangamon 

Macoupin 

Washington 

0.71 
0.70 
0.69 
0.68 
0.67 
0.07 
0.62 
0 .  53 

St.  Clair 

Peoria 

0.44 
0   41 

Clinton 

0.36 

Randolph 

Marion 

0.11 
0  0() 

Totals 

570  730  523 

447 

0.78 

Bal.  of  State 

24  848  819 

9 

0  36 

Total  of  State 

595  579  342 

456 

0.76 

*Northern  Longwall  Field 
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Table  23 
Non-Fatal  Accidents  for  Group  or  Illinois  Mines,  for  Year  1919 


Occupations 

No.  Injured 

No.  Shifts  Lost 

Haulage  Employees: 

44 
112 
15 
10 
26 
20 

1  Oil 
3  448 

Trappers,  Spraggers 

301 
440 

689 

352 

Total  Haulage  Employees 

227 

6  241 

Other  Underground  Employees 

572 

15  869 

71 

1  485 

870 

23  595 

26.1 

26.4 

Comparing  injuries  by  the  relative  losses  of  time  sustained  by 
the  victims,  the  average  time  lost  per  accident  was  27.1  shifts,  this 
applying  to  all  occupations  of  coal  mining,  both  underground  and 
surface.  Although  the  electricians'  duties  should  properly  be  dis- 
tributed between  haulage,  coal-cutting,  and  illumination,  they  are 
charged  to  haulage  exclusively.  On  this  basis,  we  have  a  total  number 
of  227  injuries  that  caused  a  loss  of  6241  shifts  or  approximately 
27.5  shifts  per  accident.  The  significance  of  this  analysis  is  that  the 
injuries  sustained  from  haulage  appear  to  be  about  equal  in  severity 
to  the  average  of  all  coal-mining  non-fatal  injuries.  This  of  course 
has  no  direct  bearing  upon  relative  hazards  nor  upon  fatalities.  This 
appears  in  a 'different  manner  in  the  last  line  of  Table  23  which  shows 
that  haulage  employees  sustained  not  only  26.1  per  cent  of  the  acci- 
dents but  also  26.4  per  cent  of  the  lost  time. 

Table  24  is  presented  to  compare  coal  mine  haulage  fatalities  in 
Illinois  with  those  in  the  bituminous  district  of  Pennsylvania.  The 
Pennsylvania  data  are  from  the  Statistical  Analysis  of  Coal  Mine  Acci- 
dents compiled  by  the  Insurance  Department  of  Pennsylvania.  This 
table  covers  the  5-year  period,  1916-1920,  thus  representing  present  con- 
ditions, and  shows  production  tonnages  for  several  classes  of  employees. 
Pennsylvania  produced  more  than  twice  as  much  coal  as  did  Illinois 
with  about  twice  as  many  coal-mine  employees.  Various  interesting 
comparisons  may  be  noted  in  the  column  of  Ratios. 
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Table  24 

Underground  Haulage  Fatalities  in  Bituminous  Mines 

of   Pennsylvania   and   Illinois 

5-Year  Period,  1916-1920 


Items 


Pa. 


Ill 


Ratios 


Comments 


Total  Coal  Production 831  877  000 

Total  No.  Men  Employed  864  878 

Tons  Coal  per  Employee  .  .  961 .8 


381  656  963 
427  273 
893.2 


2.18:  1 

2.02  :  1        Pa.  double  111. 

1.07:1       Close 


Haulage  Fatalities: 

Total 

To  Non-Haulage  Em- 
ployees  

To  all  Haulage  Employees 
To  Loco.  Employees .  .  . 
To  Mule  Drivers 


557 

221 

318 

209 

99 


292 

103 
L89 

61 
89 


1.91  :  1 


2.14: 

1.68: 
3.43: 
1.11 


Percentage  of  Haulage  Fatal- 
ities: 

Suffered  by  Haulage  Em- 
ployees   

Suffered  by  Loco.  Em- 
ployees   

Suffered  by  Mule  Drivers 


57.09 


65.72 
31.13 


64.72 


32.27 
47.09 


1  :  1.13 


2.03  :  1 
1  :  1.51 


Almost  2  :  1 

Parallel  with  production 

5:3 

Notable  difference 

Nearly  even 


Pa.  double  111. 

111.  51  per  cent  greater 


Tons  of  Coal  Produced   for 
each  Fatality: 

Haulage 

Haulage  Employee 

Loco.  Employee 

Mule  Driver 

Non-Haulage  Employee:.; 


1  493  495 

2  615  965 

3  980  272 
8  402  798 
3  764  149 


1  307  044 

2  019  349 
6  256  671 

I    L'SS   L'SII 

3  705  407 


1.14:  1 
1.29  :  1 

1  :  1.57 
1.96:1 
1.01  :  1 


Pa.  double  111. 
Practically  equal 


No.  of  Employees  for  each 
Fatalily: 

Due  to  Haulage 

To  Haulage  Employe* 
To  Non-Haulage  Em- 
ployes   

To  Loco.  Employees 
To  Mule  Drivers 


1552.7 
2719.7 

2913.5 
4138.2 
8736.1 


1463.3 

2260.7 

4148.3 
7001.5 
4800.S 


1.06  :  1 
1.20  :  1 

1  :  1.42 
1  :  1.69 
1.82  :  1 


33.  Comparative  Hazards  in  Locomotive  and  Animal  Haulage. — 
The  question  arises  as  to  whether  or  not  locomotive  haulage  is  more 
dangerous  than  animal  haulage.  Analysis  of  Illinois  statistics  on  this 
subject  shows  that  a  direct  answer  to  the  inquiry  is  imposible,  but 
the  statistics  in  the  Annual  Coal  Report  of  Illinois  for  the  year  1921 
may  be  accepted  as  fairly  representative  of  present-day  conditions. 
In  that  year  there  were  in  the  coal  mines  2892  locomotive  men,  4229 
drivers,  and  278  boss  drivers.  Of  all  classes  of  underground  employees, 
numbering  81 708,  39  men  were  killed  by  locomotive  haulage  and 
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26  men  by  animal  haulage,  a  total  of  65  fatalities  (see  Table  19).  Of 
these  65  fatalities,  54  were  among-  the  23  453  employees  connected  with 
haulage.  There  were  7399  men  employed  in  moving  trips  of  coal, 
2892  of  these  being  motormen  and  trip  riders  and  the  remaining 
4507;  mule  drivers.  Of  the  54  haulage-employee  victims  8  were  men 
other  than  trip  men  (5  trappers,  2  tracklayers,  and  1  spragger),  28 
were  locomotive  men,  and  18  were  drivers  (see  Table  20).  Beside 
the  7399  trip  men,  there  were  6054  haulage  employees  such  as  trap- 
pers, spraggers,  trackmen,  stablemen  and  electricians.  (In  the  case 
of  electricians  it  is  assumed  that  about  one-half  their  time  is  occupied 
with  mining  work  connected  with  mining  machines,  illumination  and 
pumping.)  There  were  19  haulage  fatalities  among  the  74  309  em- 
ployees other  than  trip  men.  Of  these  17* were  due  to  locomotive 
haulage  and  2  to  mule  haulage.  In  1921  there  were  2.03  locomotive 
men  per  locomotive  and  1.19  mules  per  driver. 

From  the  above  data  several  deductions  are  possible : 

(a)  Of  the  4507  drivers  and  boss  drivers  18  were  killed  in  their 
occupation.    This  is  a  rate  of  3.994  men  per  thousand. 

(b)  Of  the  2892  locomotive  men  28  met  death  in  their  duties, 
this  being  a  rate  of  one  man  per  103  men  or  9.682  men  per  thousand. 

(c)  Locomotive  men  were  thus  under  a  hazard  2.42  times  greater 
than  were  mule  drivers. 

(d)  Among  all  classes  of  underground  employees,  locomotive 
haulage,  with  its  39  fatalities,  was  but  one  and  one-half  times  as 
dangerous  as  mule  haulage  with  its  26  fatalities. 

(c)  Among  the  74  309  employees  other  than  trip  men  (motor- 
men,  trip  riders,  drivers)  fatalities  were  19,  this  being  a  rate  of  one 
death  per  3911  men  or  0.256  men  per  thousand.  The  risk  assumed  by 
such  workmen  appears  reasonably  small.  In  comparing  the  17  locomo- 
tive haulage  fatalities  with  the  2  fatalities  due  to  mule  haulage  we 
run  upon  the  striking  fact  that,  to  nearly  91  per  cent  of  all  under- 
ground employees,  locomotive  haulage  is  eight  and  one-half  times  as 
dangerous  as  mule  haulage. 

Such  calculations  and  deductions,  however — leading  to  the  con- 
clusion that  locomotive  haulage  is  much  more  dangerous  than  mule 
haulage — have  been  based  upon  the  numbers  of  employees  only, 
whereas  recent  practice  refers  vital  coal-mine  statistics  to  tonnage  of 
production. 
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There  is  a  slow  but  general  lessening  of  mule  haulage  on  main 
lines.  The  last  statistics  gathered  on  this  point — those  for  the  year 
1921 — show  that  mules  hauled  less  than  one-tenth  as  much  coal  over 
main  lines  as  did  locomotives.  The  superiority  of  locomotives  over 
mules  for  main  haulage  became  fully  evident  to  Illinois  coal  operators 
about  fifteen  years  ago.  Mules  handled  their  maximum  annual  ton- 
nage on  main  roads  in  1907.  Since  that  year,  there  has  been  a  general 
diminution  of  this  mule  haulage  with  a  simultaneous  increase  in  the 
annual  tonnage  handled  on  main  roads  by  locomotives.  Using  data 
from  Table  1  and  Table  19  for  the  years  1908  to  1921  inclusive,  we 
find  that  for  a  total  of  674  766  930  tons  of  coal  hauled  by  locomotives  mi 
main  lines  there  were  334  fatalities  and  that  for  185  986  960  tons 
hauled  by  mules  there  were  321  fatalities.  This  means  that  the  re- 
spective tonnages  per  fatality  were  2  020  260  and  579  398  and  indicates 
that  mule  haulage  is  nearly  3.5  times  as  dangerous  as  locomotive  haul- 
age when  computed  from  the  standpoint  of  tonnage  handled. 

34.  Accident  Prevention  Measures. — The  safeguards  or  measures 
installed  to  prevent  accidents  are  usually  determined  by  their  relative 
necessity.  Generally  speaking  favorable  natural  conditions  of  haulage, 
with  easy  grades  and  good  roadbed,  standard  haulage  equipment  in  <>'ood 
repair,  and  strict  enforcement  of  safe  practices  are  prime  requisites 
for  safe  haulage  and  efficient  operation.  There  are  dangers  inherent 
to  such  acts  as  switching,  spragging,  coupling,  jumping  on  and  off 
cars  and  locomotives,  and  handling  animals,  but  these  risks  may  be 
minimized  by  strict  adherence  to  and  practice  of  safety-first  prin- 
ciples. If  these  accidents  are  due  to  inadequate  or  poorly  maintained 
equipment  or  to  failure  to  inculcate  safety  principles  among  the 
employees,  certain  responsibilities  must  be  assumed  by  mine  owners. 
It  is  not,  however,  the  purpose  of  this  discussion  to  decide  upon 
specific  methods  of  minimizing  the  accident  hazards  that  attend  mine 
haulage  but  to  study  the  occurrence  and  relative  numbers  of  such 
hazards  in  the  different  occupations.  When  each  operator  duly  an- 
alyzes the  accidents  that  occur  in  his  mine  he  will  be  in  position  to 
undertake  corrective  measures  that  will  apply  to  his  particular  prop- 
erty. The  frequent  recurrence  of  accidents  to  a  given  group  of 
workers  emphasizes  the  need  of  accident-prevention  regulations  for 
that  group.    Statistics  covering  a  period  of  years  reveal  the  underlying 
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causes,  and  from  them  may  be  formulated  more  effective  methods  of 
combating  the  hazards. 

For  example,  as  the  work  of  distributing  and  collecting  cars 
underground  must  be  maintained  with  a  certain  amount  of  speed, 
narrow  haulageways  with  scant  illumination  are  constant  sources  of 
danger.  This  hazard  increases  with  the  speed  of  haulage.  In  order  to 
reduce  this  risk  whitewash  is  applied  to  the  walls  and  roofs  of 
shaft  bottoms  in  the  larger  mines  of  the  state.  The  benefit  of  this 
treatment  is  especially  marked  in  bottoms  without  concrete  linings, 
but  it  is  considerable  even  where  concrete  supports  are  erected.  Mine 
superintendents  believe  that  their  men  work  more  freely  and  cheer- 
fully in  the  better  illumination  and  that  there  are  fewer  accidents. 
Whitewash,  moreover,  possesses  sanitary  features  that  recommend  its 
use  in  stables,  first-aid  rooms,  offices,  and  waiting-rooms.  Along  main- 
haulage  roads  whitewash  should  be  used  in  all  manholes  or  refuges 
and  upon  all  doors,  as  means  of  additional  safety  to  employees.  At 
partings  and  at  all  entry  branchings  in  portions  of  mines  remote  from 
electrical  lighting,  whitewashed  ribs  and  roofs  greatly  enhance  the 
illumination  and  thus  reduce  accident  hazards.  There  are  several 
recipes  for  making  whitewash  which  has  the  properties  desired  in 
underground  use.  The  washes  may  be  applied  by  either  brushes  or 
sprays — preferably  the  latter.  Two  or  three  coats  should  be  applied 
with  intermissions  for  due  seasoning. 

In  all  districts  the  personal  factor  is  often  the  controlling  element. 
It  is  generally  agreed  that  such  accidents  as  those  due  to  falls,  haul- 
age, and  handling  explosives,  have  much  in  common  and  that  mental 
and  physical  alertness  and  knowledge  of  the  hazards  are  the  essential 
safeguards.  Workmen  grow  thoughtless  of  their  own  personal  interests 
when  continually  subjected  to  dangers.  It  is  very  probable  that  the 
majority  of  the  deaths  classified  by  causes  in  Table  18  were  due  to 
carelessness  of  the  victims  themselves.  The  final  responsibility  is 
therefore  placed  to  a  very  great  extent  on  the  individual  worker. 

35.  Safety  Rules  for  Underground  Haulage. — Keep  locomotives, 
cars  and  track  equipment  in  good  repair. 

Standardize  car  equipment,  such  as  bumpers  and  couplings. 

Illuminate  haulage  ways  so  that  men  need  not  carry  individual 
lights  on  motor  tracks. 
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Have  head-lights  on  locomotives  and  markers,  gongs  or  lights 
on  rear  cars  of  trips. 

Have  safe  clearance  between  cars  and  one  or  preferably  both  ribs 
of  entry. 

Maintain  whitewashed  refuge  holes  at  regular  intervals. 

Use  block  fillers  to  top  of  rail-web  in  flangeways  and  wedge- 
spaces  in  frogs  and  switches. 

Use  low-voltage  trolley  current ;  support  wire  at  short  intervals, 
so  that  sag  will  not  exceed  3  inches;  guard  trolley  with  boxing  3 
inches  lower  than  wires,  especially  where  men  travel,  as  at  junctions 
and  stations  where  man-trips  are  made  up. 

Start  locomotives  only  on  signal  from  trip  riders  and  after  giving 
warning  bells.    Ring  bells  before  all  junctions. 

Keep  car-doors  and  latches  in  repair  and  inspect  reclosing. 

Give  special  instructions  for  spragging  and  blocking  cars. 

Place  limitations  on  speed  of  travel. 

Maintain  special  instruction  for  motormen  and  trip  riders  re- 
garding the  making-up  of  trips. 

Give  instructions  in  coupling  cars. 

Impress  on  all  working  in  the  mine  the  necessity  of  personal 
caution. 
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A   STUDY   QF    EXPLOSIONS    OF    GASEOUS   MIXTURES 

I.     General  Statement  Concerning  Investigation 

1.  Preliminary  Statement. — An  investigation  of  explosions  of 
gaseous  mixtures  at  constant  volume  was  undertaken  by  the  Engineer- 
ing Experiment  Station  in  1914,  when  C.  R.  Richards,  Dean  of  the 
College  of  Engineering  and  Director  of  the  Engineering  Experiment 
Station — at  that  time  Head  of  the  Department  of  Mechanical  Engi- 
neering— outlined  an  extensive  series  of  experiments  and  defined  the 
scope  of  the  investigation  which  was  to  follow.  Apparatus  was  de- 
signed and  a  few  results  were  obtained  showing  the  effect  of  the 
shape  of  the  explosion  vessel,  and  of  turbulence  at  the  time  of  firing, 
but  it  was  found  necessary  to  discontinue  the  work.  In  1919  part  of 
the  apparatus  was  re-designed  and  work  was  resumed.  This  bulletin 
is  a  preliminary  report  of  the  methods  pursued  and  the  results  thus 
far  obtained. 

2.  Scope  of  Investigation. — The  investigation  as  originally 
planned  was  to  consist  of  experiments  on  the  simple  gases — namely, 
hydrogen,  carbon-monoxide,  methane,  and  possibly  acetylene — to  de- 
termine the  effect  of  varying  proportions  of  gas  and  air,  initial 
pressure,  shape  of  the  explosion  vessel,  ratio  of  its  volume  to  its  area, 
position  of  ignition,  and  turbulence  during  the  time  of  ignition,  upon 
the  rate  of  inflammation,  maximum  pressure,  and  time  of  explosion. 
The  work  was  next  to  be  extended  to  various  combinations  of  gaseous 
fuels,  including  the  commercial  fuels  used  in  practice  for  internal 
combustion  engines,  in  order  to  determine  the  effect  of  different 
proportions  of  the  various  constituents  upon  the  rate  of  inflammation, 
maximum  pressure,  and  time  of  explosion. 

Tests  were  also  to  be  made  with  the  temperature  of  ignition 
corresponding  to  the  temperature  found  at  the  end  of  compression  in 
different  types  of  commercial  internal  combustion  engines.  It  was 
expected  that  some  method  of  heating  could  be  developed  that  would 
preclude  flameless  combustion  taking  place  at  the  surface  of  the 
heating  element  before  the  ignition  temperature  was  attained.    From 
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this  scries  com  Lusions  might  be  drawn  relative  to  the  effect  of  varia- 
tions in  the  carbon-hydrogen  ratio  npon  factors  leading  to  pre-ignition 
in  internal  combustion  engines. 

3.  Object  of  Investigation. — The  immediate  object  of  the  series 
of  tests  reported  in  this  bulletin  was  a  study  of  the  physical  phenomena 
involved  in  the  explosions  of  various  mixtures  of  illuminating  gas  and 
air.  This  includes  the  determination  of  the  effect  of  different  shaped 
explosion  vessels,  and  of  turbulence  at  the  time  of  ignition,  as  well 
as  a  study  of  the  heat  loss  from  the  burning  mass  of  gas. 

Any  problems  connected  with  the  chemical  changes  involved  have 
not  been  considered  within  the  scope  of  the  investigation. 

4.  Acknowledgment. — Acknowledgment  is  due  to  C.  1\.  Kichards, 
Dean  of  the  College  of  Engineering,  for  his  constant  interest  and  en- 
couragement, his  many  helpful  suggestions,  and  for  the  original  out- 
line defining  the  scope  of  the  investigation. 
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Fig.  1.     General  View  of  Explosion  Apparatus 
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II.     Description  of  Apparatus 

5.  Explosion  Apparatus. — A  general  view  of  the  apparatus  used 
in  this  investigation  is  shown  in  Fig.  1.  At  the  time  the  photograph 
was  taken  a  conical  explosion  vessel  was  in  use.  The  apparatus  con- 
sisted of  an  explosion  vessel,  an  indicator  with  a  lamp  and  recording 
drum,  a  tuning  fork,  a  gas  holder,  a  small  motor-driven  vacuum 
pump,  a  measuring  burette,  a  dead-weight  tester  for  calibrating  the 
indicator,  and  an  induction  coil.  The  photograph  also  shows  the 
motors  used  for  driving  the  fan  in  the  explosion  vessel  and  the  record- 
ing drum  for  the  indicator.  This  apparatus  was  essentially  the  same 
for  all  of  the  tests.  At  times  it  was  found  desirable  to  modify  some 
of  the  details  of  the  recording  mechanism  in  order  to  facilitate  the 
manipulation  and  to  overcome  vibration,  but  no  changes  in  principle 
were  made. 

6.  Explosion  Vessels. — The  explosion  vessel  in  all  cases  con- 
sisted of  a  head  of  the  desired  shape  bolted  to  a  heavy  base-plate,  all 
parts  being  made  of  steel  castings.  Four  different  shaped  heads  were 
used,  cylindrical,  conical,  hemispherical,  and  L-shaped,  the  last-named 
being  similar  to  the  combustion  space  of  an  L-head  gasoline  engine 
cylinder.  The  dimensions  of  these  heads  are  shown  in  Fig.  2.  They 
enclosed  the  same  volume  in  all  cases,  and  were  designed  to  withstand 
explosion  pressures  of  2500  lb.  per  sq.  in.  They  were  centered 
accurately  on  the  base-plate  and  were  fastened  to  it  by  eight  1^4 -in. 
cap  screws.  A  thin  paper  gasket  was  used  to  prevent  leakage.  A 
4-in.  fan,  having  two  blades  and  driven  by  a  shaft  passing  through 
the  center  of  the  base-plate,  afforded  a  means  of  agitating  the  mixture 
in  the  vessel.  Threaded  connections  were  provided  in  the  walls  of 
the  vessels  for  the  ignition  plug  and  for  gas  piping.  A  diagram  of 
the  piping  connections  is  shown  in  Fig.  3.  Each  vessel  had  two  con- 
nections diametrically  opposite  for  admitting  and  exhausting  the  air 
and  gas.  Heavy  needle  valves  made  from  steel  bars  were  used  at 
these  two  points.    All  other  valves  were  standard  brass  needle  valves. 
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7.  Indicator. — A  diaphragm  indicator  and  an  optical  recording 
mechanism  was  used  for  measuring  the  pressure  in  the  vessel.  The 
diaphragm  and  body  for  the  indicator  is  shown  in  Fig.  4.  The  dia- 
phragm was  made  of  heat-treated  chrome-vanadium  steel,  3/64  in. 
thick,,  and  had  a  semicircular  corrugation  concentric  with  the  outside 
circumference  of  the  disc.  The  purpose  of  the  corrugation  was  to 
give  greater  flexibility  and  to  prevent  slipping  in  the  fastenings.  This 
arrangement  also  gives  a  straight  line  calibration  for  the  indicator. 
A  small  threaded  projection  at  the  center  of  the  diaphragm  made  it 
possible  to  connect  the  mirror  system  used  for  recording.  The  dia- 
phragm was  held  in  place  by  dowel  pins  and  by  the  lock-ring,  which 
was  screwed  down  over  the  base  as  shown  in  Fig.  4.  The  body  was 
then  screwed  into  the  cylinder  and  made  metal  to  metal  contact  at  the 
45  degree  shoulder,  thus  insuring  a  tight  joint  without  the  use  of  a 
gasket. 

Fig.  5  shows  the  mounting  for  the  mirror  used  to  record  the  motion 
of  the  diaphragm.  The  base  was  formed  by  two  concentric  steel  rings, 
the  outer  one  of  which  was  screwed  to  the  lock-ring  of  the  indicator. 
The  inner  ring  was  free  to  move  around  a  central  axis  and  could  be 
locked  in  place  b}-  means  of  the  four  cap  screws.  The  mirror  was 
mounted  on  a  steel  spring  extending  between  two  studs.  A  small  strut, 
screwed  to  the  projection  on  the  diaphragm,  pressed  against  the  spring 
at  the  center  and  communicated  the  motion  of  the  diaphragm  to  the 
spring,  which  in  turn  tilted  the  mirror.  This  arrangement  afforded  a 
wide  range  of  adjustment  for  the  indicator  mirror.  The  moving  parts 
were  very  light  and  the  effect  of  inertia  was  almost  entirely  eliminated. 
A  calculation  for  the  natural  period  of  vibration  of  the  diaphragm 
proved  that  the  period  was  very  short  compared  with  the  time  of  explo- 
sion and  led  to  the  conclusion  that  the  instrument  could  follow  the 
most  rapid  changes  in  pressure  that  were  liable  to  occur. 

The  indicator  was  calibrated  in  place  by  means  of  a  high-pres- 
sure dead-weight  gage-tester,  connected  in  the  air  line  to  the  explosion 
vessel.  A  sample  calibration  curve  is  shown  in  Fig.  6,  from  which  it 
is  evident  that  the  indicator  retains  its  adjustment  and  calibration  for 
long  periods  of  time. 

8.  Recording  Apparatus. — The  recording  mechanism  consisted  of 
a  beam  of  light  reflected  from  the  concave  mirror  on  the  indicator, 
and  focused  on  a  strip  of  photographic  paper  carried  mi  a  revolving 
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Fig.   5.     Indicator    with    Mirror   Attached 
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Fig.   C.     Calibration  Curve  for  Optical  Indicator 


drum.  The  drum  was  11  in.  in  circumference  and  was  driven  through 
a  worm  gear  by  a  variable  speed  motor.  A  small  enclosed  arc  lamp 
was  used  to  project  the  beam  of  light  on  the  mirror.  A  piece  about 
1/16  in.  in  diameter,  cut  from  a  concave  mirror  of  1  meter  radius 
of  curvature,  was  used  and  the  arc  light  and  drum  were  placed  at 
such  distances  that  a  well  denned  image  of  the  crater  of  the  arc  was 
obtained  on  the  photographic  paper.  The  records  when  developed 
showed  a  very  narrow  black  line  for  the  motion  of  the  mirror.  A 
special  recording  paper  known  as  "Eastman  Recording  Paper  No.  1" 
was  used.  This  paper  proved  to  be  sufficiently  rapid  to  give  clear 
records,  and  was  much  more  convenient  to  use  than  films.  All  records 
were  developed  immediately  after  being  taken. 
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9.  Apparatus  for  Measuring  Gas  and  Air. — The  illuminating 
gas  used  for  the  tests  was  taken  from  the  city  mains  and  stored  in  a 
gas  bell  having  a  capacity  of  10  cu.  ft.  This  amount  was  sufficient  for 
several  complete  series  of  experiments,  thus  insuring  gas  of  fairly 
constant  composition. 

On  most  of  the  tests  the  proper  proportion  of  air  and  gas  in  the 
explosion  vessel  was  obtained  by  making  use  of  the  partial  pressures. 
The  vessel  was  partly  exhausted  to  some  predetermined  pressure.  Gas 
was  then  admitted  to  the  vessel  until  atmospheric  pressure  was  again 
attained.  The  degree  of  exhaustion  was  measured  by  means  of  a 
mercury  manometer  inserted  at  the  point  shown  in  Fig.  3.  A  small 
rod  bearing  a  platinum  point  was  attached  to  a  vernier  head  and  the 
rod  was  inserted  in  one  leg  of  the  manometer.  When  the  point 
touched  the  surface  of  the  mercury  it  completed  an  electric  circuit 
through  the  mercury  and  rang  a  bell.  The  vernier  read  directly  to 
0.01  in.  and  it  was  therefore  possible  to  locate  the  surface  of  the 
mercury  to  this  degree  of  precision.  An  accuracy  of  about  0.1  per 
cent  was  obtained  in  the  air-gas  ratio. 

For  the  later  series  of  tests  the  method  of  measuring  the  gas  into 
the  explosion  vessel  was  changed.  A  100-c.c.  gas  burette  graduated  to 
0.1  c.c  was  connected  into  the  gas  line  as  shown  in  Fig.  3.  The 
vessel  was  then  partly  exhausted  and  the  gas  was  measured  into  it  from 
the  burette.  This  method  proved  to  be  more  accurate  and  convenient 
than  the  first  method  described. 

10.  Ignition  Apparatus. — The  mixture  in  the  explosion  vessel 
was  ignited  by  means  of  a  spark  passed  across  a  0.03  in.  gap  on  a 
standard  mica-insulated  automobile  spark-plug.  A  %-in.  induction 
coil  was  used,  drawing  current  from  a  6-volt  storage  battery.  The 
wiring  diagram  is  shown  in  Fig  7.  A  contact  attached  to  the  circum- 
ference of  the  recording  drum  completed  the  primary  circuit  of  the 
induction  coil,  and  induced  the  spark  at  the  gap  in  the  spark-plug, 
thus  igniting  the  mixture  in  the  explosion  vessel.  A  switch  Mas 
provided  in  the  primary  circuit.  The  drum  could  then  be  started  some 
time  before  the  explosion  was  desired,  and  when  it  was  revolving  at 
constant  speed,  the  switch  could  be  closed  and  the  explosion  occurred 
when  the  contact  was  made  on  the  recording  drum.  A  small  spark- 
gap  in  series  with  the  plug  \\;is  placed  close  to  the  sensitized  paper 
on  the  revolving  drum.     A  spark  |>;iss<>,1  across  this  gap  at  the' same 
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instant  the  firing  spark  took  place  at  the  plug,  and  a  dot  was  made  on 
the  record.  This  dot  served  as  a  means  of  locating  on  the  record  the 
exact  time  of  firing.  It  should  be  noted  that  the  time  of  firing  did 
not  coincide  with  the  time  at  which  the  pressure  in  the  vessel  began  to 
increase.  The  latter  took  place  subsequent  to  the  passing  of  the 
spark.  When  contact  was  made  at  the  circumference  of  the  drum, 
the  circuit  remained  closed  for  about  0.1  sec,  and  from  6  to  10  separate 
discharges  occurred  across  the  spark-gap. 

11.  Timing  Apparatus. — A  tuning  fork  having  a  frequency  of 
100  vibrations  per  second  was  used  in  order  to  obtain  the  time  of 
explosion.  The  tuning  fork  was  electrically  driven  and  had  a  small 
concave  mirror  mounted  on  one  leg  close  to  the  base.  A  beam  of  light 
from  the  arc  lamp  was  reflected  from  the  mirror  and  focused  on  the 
recording  paper  placed  on  the  revolving  drum.  When  the  fork  was 
in  vibration  a  sine  curve  was  traced  on  the  record,  and  the  time  could 
be  computed  by  counting  the  peaks  on  the  curve. 
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III.     Method  of  Conducting  Tests 

12.  Procedure  in  Making  an  Explosion. — Before  charging  the 
explosion  vessel  with  the  mixture  to  be  exploded,  it  was  necessary  to 
purge  the  vessel  itself  and  the  piping  from  any  gas  that  remained 
from  a  previous  test.  Gas  was  first  allowed  to  flow  from  the  holder 
into  the  vessel  in  order  to  fill  the  line  with  fresh  gas.  The  vessel  was 
then  thoroughly  swept  out  with  compressed  air.  This  was  done  by 
admitting  the  air  through  the  valve  on  one  side,  and  allowing  it  to 
escape  through  the  valve  on  the  opposite  side,  during  which  time  the 
fan  inside  of  the  vessel  was  kept  running.  The  zero  reading  of  the 
manometer  was  then  observed,  and  the  vernier  bearing  the  platinum 
contact  point  was  set  in  a  position  to  give  the  required  partial  pressure 
for  the  gas.  All  valves  except  the  one  in  the  line  from  the  vacuum 
pump  were  then  closed,  and  the  vessel  was  exhausted  until  the  mercury 
in  the  open  leg  of  the  manometer  fell  belovy  the  contact  point.  Air  was 
then  allowed  to  enter  the  vessel  very  slowly  until  the  bell  in  the 
manometer  circuit  gave  warning  that  the  surface  of  the  mercury  had 
just  touched  the  contact  point.  When  this  was  the  case,  the  vacuum 
within  the  vessel  was  equal  to  the  required  partial  pressure  for  the 
gas.  The  air  valve  was  then  closed,  the  gas  valve  was  opened,  and  gas 
was  allowed  to  enter  until  the  pressure  in  the  vessel  was  equal  to  that 
of  the  atmosphere.     The  valves,  N,  Fig.  3,  were  then  closed. 

In  the  later  tests,  where  the  measuring  burette  was  used,  the 
procedure  outlined  was  somewhat  modified.  After  purging  the  vessel 
it  was  exhausted  to  a  pressure  of  about  10  in.  of  mercury  absolute. 
The  air  valve  was  closed,  and  the  required  volume  of  gas  was  measured 
in  from  the  burette.  The  exhaust  valve  was  then  opened,  and  air  was 
allowed  to  enter  the  vessel  until  the  pressure  rose  to  that  of  the 
atmosphere.  The  valves,  N,  were  then  closed.  The  fan  was  run  at 
about  300  rev.  per  min.  during  admission  of  the  gas  and  was  left 
running  for  a  time  considered  sufficient  to  insure  thorough  mixing  of 
the  gas  and  air.  If  turbulence  was  desired  the  fan  was  allowed  to 
run  while  the  explosion  was  made. 

The  room  was  darkened,  the  sensitized  paper  was  placed  on  the 
drum  and  the  driving  motor  for  the  drum  was  started.    The  mirror  on 
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the  tuning  fork  was  covered  and  the  arc  light  put  in  operation.  The 
shutter  was  then  opened  and  the  zero  or  atmospheric  line  for  the 
indicator  was  traced  on  the  record,  after  which  the  shutter  was  closed. 
The  mirror  on  the  tuning  fork  was  next  uncovered,  the  fork  set  in 
vibration,  the  shutter  on  the  drum  opened  again,  and  the  firing  switch 
F,  Fig.  7,  closed.  When  the  contact  at  the  circumference  of  the  drum 
came  into  position  the  charge  was  automatically  fired.  The  paper 
was  then  removed  from  the  drum  and  placed  in  the  developer. 

13.  Calculation  of  Maximum  Pressure  and  Time  of  Explosion. — 
Typical  records  are  shown  in  Figs.  8  and  26.  The  line  A-A,  Fig.  8, 
is  the  zero  or  atmospheric  pressure  line  which  was  traced  before  the 
explosion  was  made;  the  serrated  line  represents  the  record  of 
the  tuning  fork ;  and  the  line  with  the  single  peak  is  the  record 
of  the  explosion  and  the  subsequent  cooling  of  the  mixture.  The  first 
dot  of  the  dotted  line  indicates  the  time  at  which  the  spark  took  place. 
OP  is  a  line  drawn  perpendicular  to  the  zero  line  and  passing  through 
the  highest  point  on  the  pressure  curve.  In  order  to  obtain  the 
ignition  point  X,  on  the  pressure  curve  R8,  a  perpendicular  from 
the  base  line,  is  erected  through  the  first  dot  on  the  spark  curve.  The 
distance  between  the  position  of  the  auxiliary  spark  gap,  placed  close 
to  the  paper,  and  the  line  representing  the  vertical  travel  of  the  spot 
of  light  from  the  indicator  is  then  measured  back  from  the  foot  of  the 
perpendicular  at  R.    This  distance  was  determined  by  taking  a  sep- 
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arate  record  obtained  while  passing  the  spark  with  no  explosive  mix- 
ture in  the  vessel  and  with  the  drum  at  rest.  For  any  given  adjustment 
of  the  indicator  the  distance  was  constant.  The  horizontal  distance, 
XO,  is  a  measure  of  the  time  of  explosion. 

The  distance  XO  is  translated  into  seconds  as  follows.    Let 

Nx  =  any  arbitrary  number  of  vibrations  of  the  tuning  fork, 
usually  chosen  as  10 ; 

N2  =  the  number  of  vibrations  of  the  fork  per  second ; 

N  =  the  number  of  vibrations  contained  in  the  distance  L  =  XO; 

L  =the  distance  XO  measured  from  the  record; 

Lt  =  the  horizontal  distance  covered  by  Nx  vibrations  of  the  fork 
(Fig.   8)  ; 

T   =  time  of  explosion  in  seconds ; 

N 

T=W2 N 

rl=N-l'0lN=LT (2) 

T=B; (3) 

Since  L  =  XO,  N1  was  usually  chosen  as  10,  and  the  fork  when 
calibrated  was  found  to  average  98  vibrations  per  second,  equation 
(3)  becomes: 

^0.102  (XO) 
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IV.     Results 

14.  Phenomena  Concerned  in  Gaseous  Explosions. — If  a  homo- 
geneous mixture  of  any  inflammable  gas  and  air  at  atmospheric  tem- 
perature and  pressure  is  enclosed  in  a  vessel,  the  walls  of  which  are 
also  at  atmospheric  temperature,  and  the  mixture  ignited,  inflamma- 
tion will  take  place  at  a  rate  depending  on  the  nature  of  the  mixture. 
The  heat  developed  by  the  combustion  will  increase  the  temperature 
of  the  gases,  thus  developing  pressure  within  the  vessel,  but  at  the 
same  time  a  loss  of  heat  will  take  place  from  the  gases  to  the  walls  of 
the  vessel,  thus  tending  to  lower  the  temperature  of  the  mixture  and 
the  resultant  pressure.  At  some  time  during  the  process  of  combustion 
the  loss  of  heat  to  the  walls  will  balance  the  additional  heat  being 
evolved  by  the  combustion,  and  the  pressure  will  cease  to  rise.  If 
a  continuous  record  is  made  of  the  pressure  in  the  vessel  the  curve  will 
attain  a  maximum  at  this  point,  designated  hereafter  as  the  "maxi- 
mum pressure."  The  maximum  pressure  finally  attained  will. not  be 
affected  by  the  time  taken  to  complete  the  combustion  other  than  by 
the  amount  of  cooling  during  this  period,  but  will  be  a  function  of 
the  completeness  of  the  combustion  at  the  time  that  thermal  equi- 
librium has  been  established.  After  maximum  pressure  has  been 
reached  the  gas  continues  to  cool  by  losing  heat  to  the  walls  of  the 
vessel,  and  the  pressure  decreases.  If  the  cooling  is  allowed  to  con- 
tinue indefinitely  the  gas  and  the  vessel  will  ultimately  cool  to 
atmospheric  temperature  and  if  no  contraction  due  to  chemical  combi- 
nation has  taken  place,  the  pressure  in  the  vessel  will  again  be 
atmospheric. 

The  time  elapsing  from  the  instant  of  ignition  to  that  of  attaining 
maximum  pressure  will  be  designated  as  the  "time  of  explosion.'' 
This  time  is  not  as  much  a  function  of  the  energy  liberated  by  the 
chemical  reaction  as  it  is  of  mechanical  conditions  within  the  mixture 
tending  to  bring  the  different  parts  of  the  mixture  into  more  intimate 
contact,  thus  facilitating  the  communication  of  the  flame  from  any  one 
part  to  those  adjacent. 

Both  maximum  temperature  and  time  of  explosion  will  be  in- 
fluenced by  the  "air-gas  ratio,"  or  the  ratio  by  volume  of  air  to  gas 
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in  the  original  charge  and  the  shape  of  the  vessel  within  which  the 
explosion  takes  place. 

15.  General  Statement  Concerning  Gas  Used. — The  gas  used  in 
most  of  the  tests  was  illuminating  gas  taken  from  the  city  mains.  It 
was  stored  in  a  water  sealed  gas  holder,  and  therefore  was  saturated 
with  water  vapor. 

The  earlier  experiments  on  the  cylindrical  and  those  on  the 
L-shaped  vessel  were  made  in  1915,  while  the  later  ones  on  the  cylin- 
drical, hemispherical,  and  conical  vessel,  were  made  in  1921.  The 
calorific  value  and  the  hydrogen  content  of  the  gas  was  less  in  1921 
than  it  was  in  1915.  It  was  found  by  comparing  the  results  obtained 
on  the  cylindrical  head  at  the  two  different  times  that  a  correction 
could  be  made  for  the  difference  in  calorific  value  of  the  gas.  All 
the  results  of  the  earlier  series  were  therefore  corrected  to  bring  them 
into  conformity  with  the  later  series. 

A  comparison  between  the  gas  used  in  1915  and  that  used  in 
1921  is  given  in  Table  1. 

16.  Designation  for  Tests. — The  tests  have  been  grouped  into  a 
number  of  series  in  order  to  render  them  more  convenient  for  the 

Table  1 
Analyses  of  Illuminating  Gas 


Constituent 

Year  1915 

Year  1921 

CO2  per  cent .  . 

3.7 

7  2 

0.6 

0  7 

20.9 

13  7 

28.8 

23  6 

C2H4  per  cent. 

.  5.5 

7.8 

C6H6  per  cent. 

2.8 

2  7 

H2  per  cent  .  .  . 

18.7 

11.7 

19.0 

32.6 

♦Calorific  value 

562 

504 

♦The  calorific  value  is  the  lowro  calorific  value  based  on  one  cu.  ft.  of  gas  at  62  deg.  F.  and  29.92 
in.  Hg. 
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purpose  of  discussion.  Each  series  had  for  its  object  the  determina- 
tion of  the  effect  of  some  one  factor,  as  turbulence,  conditions  of 
ignition,  or  shape  of  explosion  vessel,  upon  the  maximum  pressure 
and  time  of  explosion,  and  consisted  of  a  number  of  explosions  made 
with  different  mixtures  of  gas  and  air  ranging  from  the  richest  to 
the  leanest  mixture  that  could  be  exploded.  No  attempt  was  made 
to  determine  the  exact  limits  of  inflammability  of  the  gas,  but  the 
mixtures  were  varied  by  half  units  in  the  scale  of  air-gas  ratios  until 
one  was  found  that  failed  to  explode.  Some  explosions  of  hydrogen 
and  air  were  also  made  in  the  conical  vessel  in  order  to  compare  the 
experimental  values  of  the  maximum  pressure  with  those  obtained 
from  theoretical  considerations.  Table  2  gives  a  schedule  of  the 
various  series. 

17.     Preliminary    Tests. — The    curves    obtaiued    from    Series    1 
are  shown  in  Pig.  9.     This  series  was  run  on  the  cylindrical  vessel, 


Table  2 
Schedule  of  Tests 


Series  No. 

Vessel  No. 

Shape  of  Vessel 

Turbulence 

1 

1 

Cylindrical 

Without 

2 

2 

L-shapecl 

Without 

3 

2 

L- shaped 

With 

■ 

4 

2 

L-shaped 

Without 

5 

2 

L-shaped 

With 

6 

2 

L-shaped 

Without 

7 

2 

L-shaped 

With 

8 

1 

Cylindrical 

Without 

9 

1 

Cylindrical 

With 

10 

3 

Conical 

Without 

11 

3 

Conical 

With 

12 

3 

Conical 

Without 

13 

3 

Conical 

With 

14 

4 

Hemispherical 

Without 
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Fig.  9.     Explosion  Curves  for  Cylindrical  Vessel 


with  ignition  occurring  flush  with  the  upper  surface  at  the  center  and 
without  turbulence.  The  gas  was  admitted  without  having  the  fan 
running  and  the  mixture  was  exploded  after  being  allowed  to  stand 
for  about  10  min.  These  curves  are  typical  of  all  the  explosion 
curves  obtained.  The  series  was  run  in  1915  with  gas  of  a  higher 
heating  value  than  that  used  later,  and  the  curves  are  given  here 
because  reference  will  be  made  to  them  in  the  study  of  the  effect  of 
the  shape  of  the  vessel  upon  the  maximum  pressure  and  time  of 
explosion. 
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The  maximum  pressure  occurred  with  an  air-gas  ratio  of  3.9  to 
1.  The  theoretical  value  of  the  air-gas  ratio  for  maximum  pressure 
is  about  6  to  1.  The  discrepancy  between  these  two  figures  may  be 
explained  by  the  fact  that  the  6  to  1  mixture  contains  a  relatively 
larger  amount  of  nitrogen  than  the  stronger  mixture,  and  the  heat 
used  to  raise  the  temperature  of  the  nitrogen  reduces  that  which 
would  otherwise  be  available  for  causing  an  increase  of  pressure. 

The  maximum  pressure  of  92.5  lb.  per  sq.  in.  and  minimum  time 
of  explosion  of  0.04  sec.  are  in  close  agreement  with  values  of  91.0  lb. 
per  sq.  in.  and  0.05  sec.  which  Dugald  Clerk  found  for  mixtures  of 
Oldham  gas  and  air. 

18.  Turbulence  during  Ignition. — The  effect  of  turbulence  at 
time  of  ignition  for  the  L-shaped  vessel  is  shown  in  the  explosion 
curves  of  Figs.  10,  11,  and  12.  All  the  results  for  the  L-shaped 
vessel  were  obtained  with  the  same  gas  as  that  used  for  Series  1  and 
they  are  therefore  strictly  comparable.  For  Series  2  and  3,  Fig.  10, 
the  charge  was  fired  flush  with  the  upper  surface  and  at  the  center 
of  the  main  chamber.  In  Series  2  no  stirring  occurred  at  the  time 
of  firing,  while  in  Series  3  the  mixture  was  agitated  by  means  of  the 
fan  during  the  time  that  the  explosion  took  place.  Series  4  and  5, 
Fig.  11,  were  run  under  the  same  conditions  as  Series  2  and  3  except 
that  the  charge  was  fired  at  the  center  of  the  valve  chamber  and  flush 
with  the  upper  surface  of  the  vessel.  In  Series  6  and  7,  Fig.  12, 
ignition  occurred  simultaneously  in  the  main  chamber  and  the  valve 
chamber.  Series  8  and  9,  Fig.  13,  were  made  using  the  cylindrical 
vessel,  with  ignition  occurring  flush  with  the  upper  surface  and  at 
the  center  of  the  head.  These  tests  were  made  in  1921  and  the  gas 
used  had  a  lower  calorific  value  than  that  used  for  Series  1.  For 
Series  10,  11,  12,  and  13  the  conical  explosion  vessel  was  used.  In 
Series  10  and  11,  Fig.  14,  ignition  took  place  at  the  vertex  of  the  cone 
and  in  Series  12  and  13,  Fig.  15,  at  a  point  3  in.  below  the  vertex. 

In  all  cases  the  effect  of  turbulence  at  the  time  of  ignition  was 
very  marked.  The  maximum  pressure  was  increased  and  the  time  of 
explosion  decreased  for  any  given  air-gas  ratio.  The  effect  was  much 
more  marked  with  the  leaner  mixtures  than  with  the  richer  ones, 
indicating  that  with  the  lean  mixtures  combustion  is  retarded  by  the 
less  intimate  contact  of  the  molecules.  Turbulence  also  seemed  to 
have  a  greater  influence  on  the  time  of  explosion,   expressed  as  a 
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percentage  of  the  original  time,  than  upon  the  maximum  pressure.  An 
explanation  for  this  is  given  in  Section  IV,  page  25.  Besides  increasing 
the  maximum  pressure  for  any  given  air-gas  ratio,  turbulence  has 
the  effect  of  increasing  the  value  of  the  air-gas  ratio  at  which  the 
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Fig.  17.     Explosion  Curves  Showing  Effect  of  Position  of 
Ignition  for  Conical  Vessel 


maximum  value  of  the  maximum  pressure  occurs;  that  is,  the  best 
mixture  corresponds  to  a  leaner  mixture  when  turbulence  occurs  than 
it  does  when  no  turbulence  is  present  at  the  time  of  ignition. 
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19.  Position  of  Ignition  Point. — In  Fig.  16  the  curves  resulting 
from  Series  2,  4,  and  6  have  been  superimposed  in  order  to  study  the 
effect  of  the  position  of  ignition.  The  curve  for  Series  1  has  also 
been  added  and  will  be  referred  to  in  the  discussion  of  the  effect 
of  the  shape  of  the  vessel.  These  curves  show  that  the  best  position 
for  ignition  in  an  L-shaped  combustion  chamber  is  at  the  center  of 
the  head.  "When  ignition  occurs  in  a  pocket  the  flame  is  cooled  and  is 
not  propagated  through  the  mixture  as  rapidly  as  when  ignition  takes 
place  in  the  main  chamber.  Therefore,  the  slow  burning  mixture  cools 
more  during  the  explosion  and  the  maximum  pressure  produced  is 
not  as  great  as  it  otherwise  would  have  been. 

In  Fig.  17  the  curves  from  Series  10,  11,  12,  and  13  have  been 
superimposed.  These  curves  show  that,  when  the  fan  in  the  vessel  was 
not  running,  ignition  at  the  vertex  of  the  cone  produced  higher 
maximum  pressures  for  all  air-gas  ratios  than  when  ignition  occurred 
3  in.  below  the  vertex  of  the  cone.  With  turbulence,  however,  there 
seemed  to  be  no  difference  in  the  maximum  pressures  produced  with 
either  position  of  ignition.  This  inconsistency  may  possibly  be  ex- 
plained by  the  supposition  that  when  ignition  occurred  at  the  vertex 
a  pressure  wave  was  started  which  advanced  smoothly  down  the  cone, 
expanding  as  though  passing  through  a  nozzle.  When  the  gas  was 
ignited  further  down  within  the  cone,  inflammation  took  place  in 
all  directions  from  the  point  of  ignition,  thus  interfering  with  the 
formation  of  such  a  wave.  Therefore,  in  the  cases  where  no  initial 
turbulence  existed,  the  maximum  pressure  was  higher  when  the  mix- 
ture was  fired  at  the  vertex  than  it  was  when  fired  3  in.  below  the 
vertex.  When  initial  turbulence  existed,  however,  the  wave  was  broken 
up  and  the  character  of  the  combustion  was  the  same  for  both  methods 
of  firing,  as  indicated  by  the  coincidence  of  the  two  curves. 

20.  Shape  of  Explosion  Vessel. — The  explosion  curves  for  Series 
14  are  shown  in  Fig.  18.  This  series  was  run  on  the  hemispherical 
vessel  with  ignition  occurring  at  the  top  of  the  vessel,  and  without 
turbulence. 

In  Fig.  16  the  curve  for  the  results  from  Series  1  for  the  cylin- 
drical vessel  was  superimposed  on  those  for  Series  2,  4,  and  6  for 
the  L-shaped  vessel.  These  series  of  tests  were  all  made  with  the  same 
gas  in  1915  and  are  therefore  strictly  comparable.  From  this  it  may 
be  noted  that  the  maximum  pressures  for  all  air-gas  ratios  for  the 
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Fig.  18.     Explosion  Curves  for  Hemispherical  Vessel  with 
Ignition  at  Top  and  without  Turbulence 


cylindrical  head  were  uniformly  greater  than  those  for  the  L-shaped 
head,  even  for  the  best  condition  of  firing. 

In  Fig.  19  the  curves  for  the  results  of  Series  2,  8,  10,  and  14 
have  been  superimposed,  in  order  to  study  the  effect  of  the  shape 
of  the  vessel  upon  the  maximum  pressure.  Since  Series  2  for  the 
L-shaped  vessel  was  run  with  a  gas  of  different  calorific  value  than 
that  used  for  Series  8,  10,  and  14,  it  was  necessary  to  correct  the 
curve  for  Series  2  in  order  to  make  all  the  curves  comparable.  This 
was  done  by  comparing  the  curves  of  Series  1  and  Series  8,  which  were 
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run  in  the  same  vessel  with  the  two  different  gases,  one  in  1915  and 
the  other  in  1921.  These  curves  were  found  to  have  exactly  the 
same  shape,  while  the  curve  for  Series  1  was  practically  10  per  cent 
higher  than  that  for  Series  8.  This  difference  in  the  curves  was  attrib- 
uted partly  to  the  fact  that  the  calorific  value  of  the  gas  was  higher 
for  Series  1  than  for  Series  8.  The  hydrogen  content  of  the  gas  was 
also  greater  in  the  former  case.  The  rate  of  inflammation  would  be 
greater  and  consequently  the  time  of  explosion  would  be  less;  hence 
the  amount  of  cooling  before  the  attainment  of  maximum  pressure 
would  be  less.  The  maximum  pressures  obtained  for  the  same  vessel 
from  the  gas  used  in  1915  would  therefore  be  higher  than  those 
obtained  from  the  gas  used  in  1921.  The  curve  for  Series  2  for  the 
L-shaped  vessel  run  in  1915  has  therefore  been  lowered  by  10  per  cent, 
and  has  been  plotted  as  the  equivalent  curve  for  the  L-shaped  vessel 
in  Fig.  19. 

From  Fig.  19  it  is  evident  that  the  hemispherical  shape  is  best  for 
the  explosion  vessel.  The  conical  and  cylindrical  vessels  seem  to  be 
equally  good,  and  both  have  a  marked  advantage  over  the  L-shaped 
vessel.  Since  the  same  volume  was  enclosed  by  all  of  the  vessels  used, 
it  is  probable  that  the  differences  in  maximum  pressure  observed  are 
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Fig.  19.    Maximum  Pressure  Curves  Showing  Effect  of 
Shape  of  Explosion  Vessel 


38 


ILLINOIS   ENGINEERING    EXPERIMENT    STATION 


due  to  variation  in  the  amount  of  surface  exposed  to  the  hot  gases, 
which  in  turn  influences  the  heat  loss  during  the  explosion.  It  is  also 
possible  that  in  the  case  of  the  L-shaped  vessel  complete  combustion 
does  not  occur  when  the  mixture  is  fired  in  the  main  chamber,  since 
the  flame  must  be  cooled  by  passing-  into  the  narrow  opening  of  the 
valve  chamber. 

Table  3  gives  the  ratio  of  the  area  of  the  inside  surface  to  the 
volume  for  each  vessel,  and  the  greatest  maximum  pressures,  taken 
from  Fig.  19. 

Table  3 
Relation  between  Maximum  Pressure  and  Ratio  of  Area  to  Volume  of  Vessel 


Shape  of  Vessel  Ratio  A./V 

Hemispherical 0  69 

Cylindrical 1 .24 

Conical 1 .  34 

L-shaped 1 .  62 


Maximum  Pressure 
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The  relation  between  maximum  explosion  pressure  and  the  ratio 
of  area  to  volume  is  shown  in  Fig.  20,  which  indicates  that  the  cooling- 
effect  increases  as  the  inside  area  increases. 

21.  Bate  of  Cooling  after  Explosion. — After  the  maximum 
pressure  has  been  attained  the  enclosed  gases  in  the  explosion  vessel 
start  to  cool.  The  cooling  then  continues  at  a  rate  which,  if  the  com- 
bustion is  complete  and  no  after-burning  takes  place,  is  a  function  of 
(1)  the  air-gas  ratio,  (2)  the  character  of  the  inside  surface  of  the 
walls  of  the  vessel,  and  (3)  the  ratio  of  inside  wall  surface  to  volume 
of  the  vessel.  The  curves  in  Fig.  21  show  the  rate  of  cooling  for  the 
products  of  combustion  remaining  in  each  of  the  vessels  used,  after 
the  explosion  of  a  mixture  of  3  parts  of  air  to  1  part  of  gas  by 
volume.  The  initial  temperature  was  chosen  in  each  case  as  2912 
deg.  F.,  and  the  curves  were  then  constructed  from  the  cooling  curves 
on  the  indicator  diagrams  after  allowance  had  been  made  for  the  con- 
traction in  volume  due  to  the  chemical  reactions  involved. 

In  Fig.  22  the  drop  in  temperature  from  the  initial  value  of  2912 
deg.  F.  in  0.2  sec.  and  0.5  sec.  respectively  after  the  time  at  which 
the  gas  was  at  the  temperature  of  2912  deg.  F.  has  been  plotted  against 
the  ratio  of  the  area  to  the  volume  of  the  vessel.  Since  the  volume  was 
the  same  for  all  of  the  vessels,  these  curves  indicate  that  the  rate  of 
cooling  increases  as  the  inside  wall  surface  increases.  If  the  nature 
of  the  inside  surface  is  the  same,  it  appears  that  the  rate  of  cooling  is 
a  function  of  the  area  of  the  inside  walls.  The  inside  surface  of  the 
conical  vessel  was  more  polished  and  cleaner  than  the  same  surfaces 
for  the  other  vessels.  More  radiant  heat  was  therefore  reflected  from 
the  walls  of  the  conical  vessel  than  from  the  walls  of  the  others  and 
the  mixture  cooled  more  slowly  in  the  conical  vessel.  This  may  serve 
as  an  explanation  for  the  fact  that  the  point  representing  the  drop  in 
temperature  in  this  vessel  fell  below  the  curve. 

22.  Explosions  of  Hydrogen  and  Air. — A  mixture  of  one  part 
of  hydrogen  to  2.4  parts  of  air  by  volume  was  exploded  in  the  conical 
vessel  in  order  to  determine  the  relation  between  the  maximum  pres- 
sure and  the  time  of  explosion.  This  mixture  contained  the  theoretical 
amount  of  oxygen  necessary  for  the  complete  combustion  of  the 
hydrogen. 

H2  +  \  02  +  1.9  Ar2  <=;  H,0  +  1.9  N2 
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Fig.  21.     Kate  of  Cooling  after  Attainment  of  Maximum  Pressure 


It  was  found  that  the  time  of  explosion  was  greatly  influenced  by 
various  conditions  of  turbulence  and  ignition,  and  these  conditions 
were  accordingly  varied  so  that  a  wide  range  for  the  values  of  maxi- 
mum pressures  and  times  of  explosion  could  be  obtained.  For  some 
explosions  the  fan  in  the  vessel  was  not  run  at  any  time.  In  other 
cases  the  fan  was  used  during  the  admission,  and  in  others  (hiring  both 
the  admission  and  the  explosion.  Ignition  at  times  was  accomplished 
by  means  of  a  single  spark-gap  at  the  vertex  of  the  cone,  and  at  other 
times  by  a  chain  of  6  spark-gaps  in  series  extending  down  the  axis 
of  the  vessel.    These  results  are  shown  in  Table  18. 
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Fig.  22.     Curves  Showing  Effect  of  Area  of  Inside  "Walls 
of  Vessel  upon  Rate  of  Cooling  of  Gas 

Table  4 

Results  of  Tests — Series  1 
Cylindrical  Vessel — Without  Turbulence — Ignition  at  Center  of  Top 


Test  No. 

Air-gas  Ratio 

Maximum  Pressure 
lb.  per  sq.  in. 

Time  of  Expl. 
see. 

48 

3.21 

87.1 

0.0510 

49 

3.77 

92.5 

0 . 0438 

50 

4.06 

92.0 

0.0366 

51 

4.99 

84.1 

0.0450 

52 

6.10 

73.4 

0.0668 

53 

7.03 

66.2 

0.0999 

54 

8.60 

52.0 

0.2390 

55 

9.43 

44.5 

0.4010 

56 

11.34 

7.0 

0 . 6280 

57 

3.62 

86.5 

0.0344 

58 

4.06 

88.5 

0.0370 

59 

4.59 

87.5 

0 . 0363 
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Table  5 

Results  op  Tests — Series  2 

L-shaped    Vessel — "Without    Turbulence — Ignition    at    Center    of 

Top  of  Main  Chamber 


Maximum  Pressure 

Test  No. 

Air-gas  Ratio 

lb.  per  sq.  in. 

sec. 

62 

3.91 

82.0 

63 

4.97 

76. 5 

0.0471 

64 

5.79 

67.5 

0.0549 

65 

7.25 

57.0 

66 

8.41 

48.0 

66a 

8.13 

49.1 

67 

9.71 

36  5 

0 . 3460 

68 

10.65 

21.0 

0.7220 

82 

2.83 

83 

3.26 

71.0 

0.1830 

84 

3.64 

78.8 

0.0578 

8.5 

4.16 

82  2 

0.0381 

86 

4.87 

80.5 

0.0433 

87 

5.80 

68  M 

0.0637 

88 

7.17 

57 . 0 

0.1218 

89 

8.49 

(7  0 

0.2163 

90 

10.57 

21   (1 

0.7450 

134 

5.87 

68   1 

0.0623 

135 

7.52 

52  5 

0.1455 

168 

8.82 

40.1 

0.4230 

169 

9.99 

21.1 

0  7600 

170 

8.09 

18.0 

0.2070 

171 

9.03 

40.1 

0.4180 

Table  6 

Results  of  Tests — Series  3 

L-Shaped   Vessel — With   Turbulence — Ignition   at   Center   of 

Top  of  Main  Chamber 


Test  No. 

Air-gas  Ratio 

118 

3.03 

119 

3.31 

120 

4.20 

121 

4.66 

122 

4.99 

123 

6.11 

124 

7.01 

125 

8.23 

126 

9.40 

127 

10.27 

128 

11.87 

129 

8.39 

130 

4.70 

132 

11.00 

133 

3.23 

Maximum  Pressure 
lb.  per  sq.  in. 


Ml  5 
83.2 
87.0 
88.0 
84.1 
74.1 
66.0 
59.0 
50.8 
48.1 

59  ii 
88.0 

80.5 


Time  of  Exp], 
sec. 


0.1265 
0.05SS 
0.0223 
0.0187 
0 . 0204 
0.0286 
0.0371 

0.1057 
0.1718 

(i  0604 

78 

0.0702 
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Table  7 

Results  of  Tests — Series  4 

L-Shaped  Vessel — "Without   Turbulence — Ignition  in  Valve  Chamber 


Test  No. 

Air-gas  Ratio 

Maximum  Pressure 
lb.  per  sq.  in. 

Time  of  Expl. 
sec. 

69 

3.18 

61.5 

0.0776 

70 

3.61 

•    70.8 

0 . 0557 

71 

4.06 

71.0 

0.0474 

72 

4.96 

73.3 

0.0504 

73 

5.68 

66.1 

0.0760 

74 

7  06 

55.0 

0.1455 

75 

9.26 

41.5 

0.3280 

76 

9.64 

35.7 

0.5100 

77 

10.81 

12.6 

0  7670 

78 

2.91 

58.0 

0 . 3790 

79 

4.14 

72.5 

0 . 0450 

80 

6'.  93 

52.2 

0.1179 

82 

4.04 

74.4 

0 . 043 1 

91 

8.03 

43.5 

0 . 2970 

92 

9.12 

36.5 

0.4620 

93 

10.10 

21.0 

94 

10.20 

22  1 

0.8070 

95 

11.03 

6.0 

0.8860 

Table  8 

Results  of  Tests — Series  5 

L-shaped   Vessel — With   Turbulence — Ignition   in    Valve   Chamber 


Test  No. 

Air-gas  Ratio 

Maximum  Pressure 
lb.  per  sq.  in. 

Time  of  Expl. 

sec. 

136 

3.06 

74.1 

0.0455 

137 

2.29 

78.7 

0.0347 

138 

4.14 

84.2 

0.0196 

139 

4.76 

84.2 

0.0204 

140 

5.05 

85.2 

0.0209 

141 

6.04 

74.1 

0.0272 

142 

7 .  35 

65.3 

0.0441 

143 

8.32 

57.0 

0.0528 

144 

9.46 

51.5 

0.0728 

145 

10.44 

49.1 

0.0973 
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Table  !> 
Results  of  Tests — Series  6 

L-Shaped  Vessel — Without  Turbulence — Ignition  al  Center  of  Top  of 
Main  Chamber  and  in  Valve  Chamber 


Test  No. 

Air-gas  Hat  in 

Maximum  Pressure 
lb.  per  sq.  in. 

Time  of  Expl. 
sec. 

146 

3 .  05 

74.1 

0.0538 

147 

3.30 

75.1 

0 . 0502 

148 

4.05 

76.2 

0.0471 

149 

4.75 

81.5 

0.0453 

150 

5.13 

74.1 

0.0501 

151 

6  0  1 

65.3 

0.0705 

152 

7.13 

.-.3    5 

0.1690 

153 

8.50 

41.0 

0.2940 

154 

9.22 

35.7 

0.4495 

155 

10.50 

17.5 

0.5890 

Table  10 
Results  of  Tests — Series  7 

L-Shaped  Vessel — With  Turbulence — Ignition  at  Center  of  Top 
of  Main  Chamber  and  in  Valve  Chamber 


Test  No. 

Air-gas  Ratio 

Maximum  Pressure 
lb.  per  sq.  in. 

Time  of  Expl. 
sec. 

156 

3.08 

78.7 

0.0532 

157 

3.49 

85.1 

O.OL'Jl 

158 

4.18 

88.0 

0.0151 

159 

1    7s 

87.0 

0.0175 

160 

4.70 

87.0 

0.0222 

161 

5.20 

83.2 

0.0223 

162 

6.21 

72.5 

0 . 0343 

163 

7.07 

65  -' 

0 . 0390 

164 

8.31 

57.0 

0.0548 

165 

9.28 

51.5 

0.0693 

166 

10.40 

43.6 

0.1482 

L67 

lilt 

19 . 5 

0.2660 
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Table  11 

Eesults  of  Tests — Series  8 

Cylindrical  Vessel — Without  Turbulence — Ignition  at  Center  of  Top 


Test  No. 

Air-gas  Ratio 

Maximum  Pressure 
lb.  per  sq.  in. 

Time  of  Expl. 
sec. 

206 

4.17 

84.5 

0 . 0300 

209 

.5.29 

75.5 

0.0930 

211 

6.25 

64.5 

0.1150 

212 

8.33 

43 . 5 

0.4880 

214 

9.37 

32.5 

0.8320 

215 

11.47 

216 

2.08 

217 

3.65 

81.6 

218 

7.29 

54.0 

0.1720 

219 

2.61 

67.5 

0.1S10 

220 

9.90 

27.0 

0.8060 

221 

3  65 

80.0 

0.0610 

222 

3   13 

76.5 

0 . 0580 

Table  12 

Eesults  of  Tests — Series  9 

Cylindrical  Head — With  Turbulence — Ignition  at  Center  of  Top 


Test  No. 


Air-gas  Ratio 

3 

13 

4 

17 

5 

29 

6 

25 

7 

29 

9 

37 

10 

42 

11 

47 

2 

08 

2 

61 

8 

53 

9 

90 

Max.  Press, 
lb.  per  sq.  in. 


Time  of  Expl. 
sec. 


223 
225 
226 
227 
228 
230 
231 
232 
233 
234 
237 
238 


91.0 
92.0 
89.0 
78.5 
66.5 
49.0 


83.5 
60.0 


0 . 0460 
0.0260 
0.0330 
0.0440 

0 . 1850 


0.1740 
0.0930 
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Table  13 

Results  of  Tests — Series  10 

Conical  Vessel — Without  Turbulence — Ignition  at   Vertex 


Test  No. 

Air-gas  Ratio 

Maximum  Press. 
lb.  per  sq.  in. 

Time  of  Expl. 

sec. 

274 
275 
27(i 
277 
278 
279 
280 

3.13 

2.61 
4    17 
5.21 
6.25 
7.29 
8.33 

83.6 
80.0 
78.0 
66.5 

:,l   :; 
40.6 

0.0710 
0.0950 
0.0830 
0.1390 
0.3290 
ii  9420 

Table  14 

Results  of  Tests — Series  11 

Conical  Vessel — With  Turbulence — Ignition  at  Vertex 


Test  No. 

Air-gas  Ratio 

Maximum  Press. 
lb.  per  sq.  in. 

Time  of  Expl. 

see. 

329 

2.08 

87.0 

0.0700 

330 

2.61 

91.5 

0.0280 

331 

3.13 

93.8 

0.0390 

332 

3.65 

90.3 

0.0380 

333 

4.17 

83.6 

0.0516 

334 

5.21 

75.5 

0.0496 

335 

6.25 

66.6 

0.0810 

336 

7  29 

56 . 5 

0.1360 

337 

8.33 

46.3 

0.3440 

Table  15 

Results  of  Tests — Series  1- 

Conical    Vessel — Without    Turbulence — Ignition    3    in.    below    Vertex 


Test  No. 

Air-gas  Ratio 

Maximum  Press, 
lb.  per  sq.  in. 

Time  of  Expl. 
sec. 

306 
307 
308 
310 
311 
312 
313 
314 
315 

2.61 
4.17 
5.13 
5.21 
6.25 
7.29 
8.33 
2.08 
7.81 

78.0 
7:i  5 
81.6 
65.5 
53.5 
41.2 

60.0 

7.0 

0.0400 
n  0790 
(i  0560 
ii  1320 
n  2710 
0  5500 

0.1360 
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Table  16 

Results  of  Tests — Series  13 

Conical  Vessel — With  Turbulence — Ignition  3   in.  below  Vertex 


Test  No. 

Air-gas  Ratio 

Maximum  Pressure 

Time  of  Expl. 

lb.  per  sq.  in. 

316 

2.08 

80.3 

0.0880 

317 

2.61 

91.5 

0 . 0440 

318 

3.13 

93.8 

0.0360 

319 

3.65 

91.5 

0 . 0380 

320 

4.17 

87.0 

0.0340 

323 

7.29 

59.5 

0.1190 

324 

7.81 

52.0 

0.1670 

325 

8.85 

44.8 

0.2678 

326 

9.37 

5.0 

327 

5.21 

79.0 

0.0640 

328 

6.25 

68.0 

0 . 0880 

Table  17 

Results  of  Tests— Series  14 

Hemispherical    Vessel — Without    Turbulence — Ignition    at    Top 


Time  of  Expl. 

Test  No. 

Air-gas  Ratio 

lb.  per  sq.  in. 

sec. 

350 

3.14 

89.0 

0.0391 

351 

4.20 

90.5 

0.0465 

352 

5.18 

77.5 

0.0732 

353 

6.25 

66.2 

0.1330 

354 

7.05 

57.8 

0.2040 

355 

8.22 

47.2 

0 . 4340 

356 

9.32 

17.0 

357 

2.47 

358 

4.39 

85.0 

0.0442 

359 

5.76 

88.6 

0.0329 

360 

2.88 

84.0 

0.0625 

Table  18 
Results  of  Explosions  of  Mixture  of  1.0  part  Hydrogen  to  2.4  parts  Air 


Test  No. 

Turbulence 

1  H 

During  Admission 

2  H 

During  Explosion 

4H 

During  Admission 

5H 

During  Admission 

25  H 

During  Explosion 

26  H 

None 

27  H 

During  Admission 

Ignition 


Max.  Pressure 
lb.  per  sq.  in. 


Time  of  Expl. 
sec. 


At  Vertex 
At  Vertex 
At  Vertex 
6-gap 
6-gap 
At  Vertex 
At  Vertex 


75.0 
78.0 
86.0 
77.0 
82.5 
84.8 
79.2 


0.0175 
0.0146 
0  0098 
0.0161 
0.0126 
0.0095 
0.0148 
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Fig.  23.     Maximum  Pressure-Time  Curve  for  Explosions 
of  Hydrogen  and  Air 


Fig.  23  shows  the  relation  between  the  maximum  pressure  and 
time  of  explosion.  The  relation  seems  to  be  practically  linear.  The 
variations  in  maximum  pressures  are  clue  to  variations  in  the  heat  loss 
to  the  walls  of  the  vessel.  The  latter  is  a  function  of  the  time  of 
explosion.  If  the  curve  is  extended,  as  shown  by  the  dotted  portion 
in  Fig.  23,  the  intercept  on  the  zero-time  ordinate  represents  the 
maximum  pressure  that  would  be  produced  by  an  adiabatic  explosion 
of  the  same  mixture.  The  maximum  pressure  for  an  adiabatic  ex- 
plosion has  been  computed  in  Appendix  A.  The  computed  value  of 
101  lb.  per  sq.  in.  gage  agrees  with  the  value  of  101  lb.  per  sq.  in.  shown 
in  Fig.  23.  In  Appendix  A  maximum  pressures  have  also  been  com- 
puted for  this  same  mixture  on  the  assumption  of  heat  losses  ranging 
from  5  to  25  per  cent.  These  results  have  been  plotted  in  Fig.  24, 
which  shows  the  relation  between  maximum  pressures  and  heat  lost 
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Fig.  24. 


Theoretical  Maximum  Pressure  and  Heat  Loss 
for  Explosions  op  Hydrogen  and  Air 


to  the  walls  of  the  vessel.  The  highest  maximum  pressure  observed 
was  86.0  lb.  per  sq.  in.  gage,  and  occurred  on  test  4H  for  which  the 
time  of  explosion  was  0.0098  sec.  Reference  to  Fig.  24  shows  a  loss  of 
20.8  per  cent  of  the  heat  of  combustion  of  the  gas  charge  at  62  deg.  F. 
and  29.92  in.  mercury  for  this  maximum  pressure. 

The  results  obtained  by  W.  T.  David211  indicate  that  the  loss  of 
heat  by  radiation  during  the  explosion  of  a  25.4  per  cent  mixture  of 
hydrogen  and  air  is  about  0.5  per  cent  of  the  heat  of  combustion,  but 
he  gives  no  estimate  of  the  loss  of  heat  by  conduction  to  the  walls  of 
the  vessel.  The  explosion  vessel  used  by  David,  however,  had  a 
volume  of  about  1045  cu.  in.  while  the  one  used  in  this  investigation 
had  a  volume  of  155  cu.  in. ;  therefore  the  cooling  effect  of  the  walls 
of  the  vessel  would  be  much  more  marked  in  the  latter  case  than  in 
the  former.  Moreover,  the  very  close  proximity  of  the  walls  of  the 
conical  vessel  to  the  ignition  point,  which  was  at.  the  vertex  of  the  cone, 
would  tend  to  cause  an  excessive  heat  loss  at  the  beginning  of  the 
explosion.  The  presence  of  a  film  of  water  remaining  on  the  walls  of 
the  vessel  from  a  previous  explosion  would  also  augment  the  heat  loss. 
Taking  all  these  things  into  consideration,  the  heat  loss  of  20.8  per 
cent  does  not  appear  unreasonable  for  the  comparatively  small  conical 
vessel. 
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V.     Conclusions 

23.     Summary  of  ('onclusio)is. — 

(1)  For  the  illuminating  gas  used,  a  ratio  of  air  to  gas  of 
about  4  to  1  gives  the  maximum  explosion  pressure  and  minimum 
time  for  explosion. 

(2)  In  general,  the  effect  of  turbulence  during  explosion  is 
to  cause  an  increase  of  maximum  pressure  and  a  decrease  in  the 
time  of  explosion.  This  effect  is  greater  for  lean  mixtures  than 
for  the  richer  ones.  The  maximum  pressure  is  also  produced 
with  a  slightly  greater  air-gas  ratio  than  for  the  case  where  no 
turbulence  exists. 

(3)  The  effect  of  turbulence  seems  to  be  due  to  the  more 
intimate  mixing  of  the  gas  and  air  before  inflammation,  thus 
bringing  more  molecules  into  contact,  rather  than  to  the  projection 
of  the  flame  into  the  unburned  parts  of  the  gas  mixture. 

(4)  The  position  of  the  source  of  ignition  has  a  considerable 
influence  on  the  rate  of  inflammation  and  on  the  maximum  pres- 
sure. In  vessels  patterned  after  the  L-head  type  of  combustion 
space  used  in  internal  combustion  engines,  ignition  in  the  valve 
chamber  results  in  a  maximum  pressure  of  about  10  per  cent  less 
than  that  obtained  when  ignition  occurs  at  the  center  of  the 
head. 

(5)  Both  turbulence  and  variations  in  the  position  of  ig- 
nition seem  to  have  more  influence  niton  the  rate  of  inflammation 
than  upon  the  maximum  pressure.  An  explanation  for  this  is 
given  in  Section  IV,  page  2."). 

(6)  In  certain  eases  there  is  some  evidence  of  the  formation 
of  pressure  waves  which  travel  smoothly  through  the  mixture  and 
produce  a  higher  maximum  pressure  than  if  the  inflammation  had 
proceeded  in  the  usual  way.  These  pressure  waves  differ  in  char- 
acter from  true  explosion  waves. 

(7)  The  maximum  pressure  and  time  of  explosion  are  ma- 
terially affected  by  the  shape  of  the  explosion  vessel.  This  seems 
to  be  caused  by  variations  in  the  ratio  of  surface  to  volume  for 
the  different  vessels.     Prom  the  standpoint  of  maximum  pressure 
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produced,  the  spherical  explosion  vessel  is  best,  The  cylindrical 
and  conical  vessels  give  about  the  same  results,  but  the  maximum 
pressure  is  about  8  per  cent  lower  than  that  for  the  spherical 
vessel.  The  L-head  type  gives  results  about  16.5  per  cent  lower 
than  the  spherical. 

(8)  The  combustion  of  the  gases  in  any  pocket  in  the  vessel 
is  more  or  less  incomplete,  due  to  the  cooling  effect  of  the  walls. 
The  incomplete  combustion  results  in  a  reduction  of  the  maximum 
pressure. 

(9)  The  cooling  of  the  gases  for  a  given  mixture  during  any 
time  after  the  attainment  of  maximum  pressure  varies  directly 
with  the  ratio  of  surface  to  volume  of  the  explosion  vessel,  for  the 
particular  vessels  used. 

(10)  Radiation  from  the  gaseous  mass  is  an  important  factor 
in  the  cooling  of  the  mixture.  Variations  in  the  character  of  the 
inner  surface  of  the  walls  of  the  vessel  cause  variations  in  the 
cooling  curves. 

(11)  The  experimental  results  for  the  maximum  pressures 
produced  by  explosions  of  hydrogen  and  air  agree  very  closely 
with  the  values  computed  from  the  properties  of  the  gas  mixture. 
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APPENDIX  A 

Calculation  of  Maximum  Explosion  Pressures  op 
Mixtures  of  Hydrogen  and  Air 

1.  Discussion  of  Equations. — In  order  to  calculate  the  maximum 
pressures  produced  in  the  explosion  of  any  inflammable  gas  mixture, 
three  factors  must  be  taken  into  consideration  : 

(1)  The  heat  of  combustion  of  the  mixture. 

(2)  The  variation  of  the  specific  heats  of  the  gases. 

(3)  The  dissociation  of  the  products  of  combustion,  or  rather 
the  incomplete  burning  of  the  gases  due  to  partially  attained 
equilibrium  at  the  high  temperatures. 

The  mixture  is  assumed  to  be  in  a  state  of  chemical  equilibrium 
at  the  instant  of  maximum  pressure. 

The  following  notation  will  be  used  in  the  calculations : 

T1  =  the  temperature  at  equilibrium,  deg.  F.  abs. 

To  =  initial  temperature,  deg.  F.  abs. 

x  =  the  progress  of  the  reaction  (=  1  at  completion). 

m   =  initial  mixture,  mols. 

m'  =  mixture  at  equilibrium,  mols. 

U2  =  total  thermal  energy  of  the  mixture  at  T2,  B.t.u.  per  mol. 

U1  =  total  thermal  energy  of  the  mixture  at  Tx,  B.t.u.  per  mol. 

u-2=  thermal  energy  of  hydrogen  at  T2,  B.t.u.  per  mol. 

u2  =  thermal  energy  of  other  diatomic  gases  at  T2,  B.t.u.  per 
mol. 
u\  =  thermal  energy  of  hydrogen  at  1\,  B.t.u.  per  mol. 

Uj  =  thermal  energy  of  other  diatomic  gases  at  2\,  B.t.u.  per 

mol. 
Kp  =  equilibrium  constant. 

Hv  =  lower  heating  value  of  the  mixture  at  T2,  at     constant 
volume,  B.t.u.  per  mol. 

In  order  to  determine  the  two  unknown  variables  x  and  T2,  two 
independent  equations  must  be  employed.* 

*  Credit  is  due  to  G.  A.  Goodenough,  Profpssor  of  Thermodynamics  at  the  University 
of  Illinois,   for  the  development  of  this  method  of  analysis. 
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Equating  the  energies  of  the  mixture  before  explosion  and  at  the 
time  of  equilibrium  (since  the  process  is  adiabatic  and  at  constant 
volume), 

U±  +  xHv  =  U2 (1) 

'-V ;    <2> 

Then  for  a  mixture  of  one  part  of  hydrogen  to  2.4  parts  of  air 
2Au'2+u2-(2Au'1+u1) 

x  =  -        -m-  


(3) 


By  substituting  values  of  T,  corresponding  values  of  x  may  be 
calculated. 

The  equilibrium  constant  Kp  is  a  function  of  the  temperature  T 
and  of  x.    It  is  defined  in  the  hydrogen  reaction  as 

_  Ph2o 

**-p  ~  p      /p    \i W 

where  P  denotes  the  partial  pressures  of  the  various  constituents 
as  denoted  by  the  subscripts.  The  following  expression  for  Kp  in 
terms  of  T  has  been  derived  from  the  results  of  a  number  of  investi- 
gators : 

4.571  log  Kp  = 102100  _  6.2331  log  T2  +  0.000236  T2 

+  0.0333- 10 ~*  71  +  1.1      .      .     .     (5) 

2.  Calculations  for  Mixture  H2  +  %  02  +  1.9  N2. — The  expres- 
sion for  Kv  in  terms  of  partial  pressures  is  transformed  into  an 
expression  in  terms  of  the  variable  x  as  follows.  From  the  reaction 
equation 

Ho  +  %  O,  +  1.9  N2  =  H20  +  1.9  N2 
the  initial  mixture  and  the  mixture  at  equilibrium  are 
Initial  At  equilibrium 

#2....1.0  mol.  HnO x     mol. 

02...  .0.5  mol.  H2.  ..  .(1-x)  mol. 

N2 .  .  .  .  1.9  mol.  02 0.5x   mol. 

N2 1.9      mol. 

m 3.4  mol.  


m' .  .  m  -  0.5x  mol. 
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In  the  equilibrium  mixture  the  partial  pressures  are 

Ph2o  =  —.p 

m 

P.,  --y  p 

Po,    J^-P 

m 

where  V  denotes  the  total  pressure  of  the  mixture. 
Substituting  in  equation  (4) 


Kp  ~  \l-xSo.5x)  /p 


(6) 


The  volume  remains  constant;  therefore  the  total  pressure  P  is  vari- 
able.   To  eliminate  P  combine  the  two  equations 

PXT  =  mBT1  and  PV  =  m'BT 

Pi       mTx  1  1         lm         /T, 

Thus  equation  (6)  becomes 

K    -     x     +1    m        1      ^fT\~  n\ 

Kp  "i=i\ato  m  Vt  •  (7) 

Taking  T=  T2  at  equilibrium  and  m=  3.4,  this  equation  may  be 
written 

log  Kp  =  log  -^-x  -  \  log^-  \  log  Px  -  \  log  ^  (8) 

The  elimination  of  log  Kp  between  equations  (5)  and  (6)  gives  a 
second  relation  between  x  and  T. 

The  constant  1.1  in  equation  (5)  is  based  upon  the  atmosphere 
as  the  unit  of  pressure ;  hence,  since  Pl  is  one  atmosphere,  the  term 
\  log  P1  in  equation  (8)  vanishes. 

Substitution  of  values  for  T2  in  the  energy  equation  (3)  gives 

Ts . . . . 4200         4400         4600         4800         5000 
x 0.721        0.772        0.827        0.884        0.945 
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Substitution  of  values  for  T2  in  the  equilibrium  equation  gives 

T2 . . . . 4000         4400         4800         5000 
x 0.988        0.975        0.954        0.939 


These  two  sets  of  values  have  been  plotted  in  Fig.  25.  Reference  to 
that  figure  shows  that  the  intersection  of  the  two  curves  gives  values 
for  To  of  4985  deg.  P.  abs.,  and  for  x,  of  0.940,  satisfying  both  equa- 
tions. 

The  maximum  pressure  is  found  from  the  gas  laws  given  above : 

D  _m-\xT2  (3.4-0.5X0.940)X4985Xl4.4 

-12—  -   TFT^    "l    — 


m     7\ 


3.4X535 


=  115.5  lb.  per  sq.  in.  abs. 

=  101.1  lb.  per  sq.  in.  gage. 
An  initial  temperature  of  75  deg.  F.  and  an  initial  pressure  of  14.4  lb. 
per  sq.  in.  abs.  have  been  assumed. 
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If  an  amount  of  heat  h  is  assumed  to  be  lost  to  the  walls  of  the 
vessel  during  explosion,  the  energy  equation  will  be  modified  as 
follows : 

U1  +  xHv  =  U2  +  h 

or  x  = jj~v (9) 

The  equilibrium  equation  is  not  affected  by  the  heat  loss. 

The  following  amounts  of  heat  loss,  expressed  in  per  cent  of  the 
heat  of  combustion  of  the  mixture  at  62  deg.  F.  (102  930  B.t.u.)  have 
been  assumed. 

B.t.u. 

5  per  cent 5  147 

10  per  cent 10  293 

15  per  cent 15  440 

20  per  cent 20  586 

25  per  cent 25  733 

Adding  these  amounts  into  the  numerator  of  the  energy  equation  and 
solving  for  x  and  T2  as  before,  several  curves  are  obtained,  crossing 
the  curve  of  the  equilibrium  equation  as  in  Fig.  25.  From  the  several 
intersections  the  following  results  may  be  obtained : 

Table  19 
Theoretical  Maximum  Pressures  for  Explosions  of  Hydrogen  and  Air 


Heat  Loss 

T2 

P2 

Per  Cent 

deg.  F.  abs. 

lb. 

per  sq.  in.  gage 

0 

4985 

0.940 

101.1 

5 

4836 

0.949 

97.3 

10 

4688 

0.957 

93.9 

15 

4540 

0.966 

90.6 

20 

4387 

0.974 

86.6 

25 

4228 

0.984 

82.8 

Fig.  24  (page  49)  has  been  plotted  from  these  results. 
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APPENDIX  B 

Historical  Review  of  Principal  Researches 

1.  Researches  of  Dugald  Clerk. — In  1884  Dugald  Clerk31*  ex- 
ploded mixtures  of  Cambridge  coal  gas  and  air  at  various  initial 
pressures  and  temperatures,  making  use  of  a  cylindrical  explosion 
vessel  having  a  volume  of  317  cu.  in.  Explosions  of  hydrogen  and  air 
were  also  made  in  the  same  apparatus.  The  pressure  developed  by  the 
explosion  was  measured  by  means  of  a  Richards  steam  engine  indicator 
and  the  pressure  diagrams  were  traced  on  a  revolving  drum.  The 
mixture  was  ignited  by  a  spark  plug  placed  at  the  bottom  of  the 
cylinder. 

In  a  later  series  of  tests  a  cylinder  of  7  in.  diameter  and  length 
was  used.  In  place  of  the  drum  used  on  the  Richards  indicator  a 
longitudinally  moving  slide  was  substituted  and  the  recording  paper 
was  fastened  to  the  slide.  The  speed  of  the  slide  was  determined  by 
means  of  an  electrically  driven  tuning  fork  which  traced  a  curve  on 
the  recording  paper. 

A  set  of  explosion  curves  for  different  air-gas  ratios,  taken  with 
Clerk's  later  apparatus,  is  shown  in  Fig.  26,  and  curves  showing  the 
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Fig.  26.     Explosion  Kecords  for  Coal  Gas  and  Air — Dugald  Clerk 


*  The  small  figures  used  in  this  section  refer  to   the  reference  numbers  given  in  the 
Bibliography  in  Appendix  C. 
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relation  between  maximum  pressure  and  time  and  the  air-gas  ratio 
are  shown  in  Fig.  27.  The  latter  are  typical  of  the  curves  obtained  by 
all  the  investigators  in  this  field. 

Clerk's  results  are  subject  to  the  criticism  that  a  piston  indicator 
lias  too  much  inertia  to  record  rapid  changes  in  pressure  with  a 
high  degree  of  accuracy.  His  results,  however,  are  probably  more 
complete  and  accurate  than  any  of  the  other  early  investigators. 

2.  Researches  of  Grover. — In  1895  F.  Grover132  made  some  ex- 
periments on  the  explosions  of  mixtures  of  coal-gas  and  air.  His 
apparatus  was  similar  to  that  used  by  Clerk  except  that  the  explosion 
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Fig.  27.    Explosion  Curves  fob  Coal  Gas  and  Air — Dugald  Clerk 
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vessel  had  a  volume  of  1  cu.  ft.  The  cylinder  was  8  in.  in  diameter  and 
34  in.  long.  The  gases  were  introduced  by  filling  the  cylinder  with 
water  and  allowing  the  mixture  to  enter  as  the  water  was  withdrawn. 

Grover's  curves  showing  the  relation  between  maximum  pressure 
and  air-gas  ratio  give  lower  values  than  those  obtained  by  Clerk,  and 
later  at  the  Massachusetts  Institute  of  Technology,  although  the 
calorific  value  of  the  gases  used  was  practically  the  same  for  all  cases. 
He  attributes  this  difference  to  a  reduction  in  the  sensible  heat  due  to 
the  heat  used  in  evaporating  the  water  adhering  to  the  cylinder  walls 
after  the  gas  charge  had  been  drawn  in.  It  is  more  probable,  however, 
that  the  effect  was  due  to  faulty  mixing  of  the  gas  charge.  The  time 
of  explosion  as  determined  by  Grover  was  less  than  that  found  by 
the  other  experimenters.  .  This,  together  with  the  fact  that  a  lean 
mixture  can  be  burned  much  more  rapidly  if  a  relatively  strong  mix- 
ture is  situated  in  the  immediate  vicinity  of  the  ignition  point,  leads 
to  the  conclusion  that  the  lower  pressures  developed  were  caused  by 
incomplete  mixture. 

Grover  also  studied  the  effect  of  diluting  the  air-gas  charge  with 
the  products  of  combustion  left  from  the  preceding  explosion.  His 
results  seemed  to  indicate  that  the  presence  of  from  5  to  30  per  cent 
of  the  exhaust  gas  raised  the  pressure  as  much  as  19  lb.  per  sq.  in. 
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Fig.  29.     Explosion  Curves  for  Mixtures  of  Acetylene  and 
Air,  and  Coal  Gas  and  Air — Grover 


above  that  observed  in  the  explosion  of  a  mixture  containing  no  exhaust 
gas  and  the  same  percentage  of  fresh  coal  gas.  This  apparent  in- 
crease of  maximum  pressure  became  less  as  the  strength  of  the  mixture 
became  greater.  A  12  to  1  mixture  showed  practically  no  increase,  and 
for  a  7  to  1  mixture  the  maximum  pressure  was  decreased  by  the 
presence  of  the  exhaust  gas.  An  analysis  of  the  exhaust  gas  used  for 
dilution,  however,  proved  that  it  contained  as  high  as  30  per  cent  of 
combustible  constituents.  Since  the  leaner  mixtures  showed  a  greater 
increase  in  maximum  pressure  than  the  stronger  ones,  it  is  obvious 
that  the  increase  was  due  to  the  presence  of  these  added  combustible 
gases. 

In  1898  Grover  used  the  same  apparatus  for  a  series  of  tests  on 
acetylene  and  air  mixtures.  Any  error  due  to  water  on  the  cylinder 
walls  was  eliminated  by  measuring  the  gas  into  the  cylinder  from  a 
gas  holder.    Initial  pressures  of  1,2,  and  3  atmospheres  were  used  for 
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mixtures  of  acetjdene  and  air  and  for  coal-gas  and  air.  The  results 
of  the  coal-gas  and  air  tests  were  again  low  as  compared  with  Clerk's, 
thus  indicating  the  lack  of  a  perfectly  homogeneous  mixture. 

Curves  showing  the  relation  between  explosion  pressure  and  initial 
pressure  are  shown  in  Fig.  28,  and  others  showing  the  relation  between 
explosion  pressure  and  air-gas  ratio  are  shown  in  Fig.  29.  In  Fig. 
28  the  deviation  from  the  straight-line  law  found  by  other  investi- 
gators may  be  explained  by  the  evidence  of  faulty  mixing  to  be  found 
in  all  of  Grover's  work. 

3.  Researches  at  the  Massachusetts  Institute  of  Technology. — In 
1898  a  series  of  experiments  on  explosions  of  gaseous  mixtures  was 
made  at  the  Massachusetts  Institute  of  Technology.132  The  apparatus 
used  differed  from  Clerk's  only  in  the  recording  device.  A  rotating 
disc  was  substituted  for  the  slide  used  b}'  Clerk,  thus  giving  pressure 
curves  on  polar  instead  of  rectangular  coordinates.  The  investigation 
was  extended  to  include  mixtures  of  gasoline  vapor  and  air.  Other- 
wise they  duplicate  the  results  obtained  by  Clerk. 

4.  Researches  of  Petavel. — J.  E.  Petavel's91  experiments  in  1902 
are  of  interest  inasmuch  as  they  are  the  only  ones  in  which  very  high 
initial  pressures  were  used.  The  explosion  vessel  was  a  spherical  steel 
bomb  having  an  internal  diameter  of  4  in.  and  a  volume  of  0.0195  cu. 
ft.  The  spring  of  the  indicator  consisted  of  a  steel  tube  ending  in 
a  piston  and  loaded  as  a  hollow  column.  The  motion  was  magnified  by 
means  of  a  system  of  levers  and  a  mirror.  Since  the  instrument  was 
practically  free  from  inertia  effects,  it  was  a  great  improvement  on  the 
ones  used  by  previous  investigators,  and  was  able  to  follow  the  rapid 
variations  in  pressure  without  appreciable  lag. 

5.  Researches  of  Bairstow  and  Horsely. — In  1902  L.  Bairstow  and 
E.  C.  Horsely75  experimented  on  different  explosive  mixtures,  making 
use  of  the  apparatus  later  used  by  Bairstow  and  Alexander.  Their 
results  indicate  that  the  ratio  of  explosion  pressure  to  initial  pressure 
increases  slightly  with  the  increase  in  initial  pressure. 

6.  Researches  of  Bairstow  and  Alexander. — In  1905  L.  Bairstow 
and  A.  Alexander90  experimented  upon  mixtures  of  coal  gas  and  air. 
The  gas  used  was  city  illuminating  gas  with  an  average  heating  value 
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of  628  B.t.u.  per  cu.  ft.    The  explosion  vessel  was  a  cylinder  10  in.  in 
diameter  and  18  in.  long.    The  indicator  was  a  Simplex  steam  engine 

indicator  and  was.  therefore,  subject  to  the  criticism  that   it   has  ton 
much  inertia. 

It  was  found  that  mixtures  could  be  allowed  to  stand  as  long  as 
17  hours  without  becoming  homogeneous,  and  in  order  to  overcome 
this  difficulty  they  made  use  of  a  mixing  plate  operated  by  hand. 
Ignition  was  accomplished  by  means  of  a  high  tension  spark  through 
a  firing-  tube.  This  tube  which  was  pierced  with  small  holes  extended 
down  into  the  explosion  vessel.  All  holes  wen1  closed  except  the  one 
located  at  the  point  where  ignition  was  desired.  When  the  spark  was 
passed  at  the  top  of  the  tube,  the  mixture  contained  within  the  tube 
exploded  and  threw  a  jet  of  flame  through  the  open  hole,  thus  igniting 
the  contents  of  the  explosion  vessel.  In  this  way  ignition  at  any 
desired  point  within  the  vessel  was  obtained.  This  method  did  not 
afford  a  constant  intensity  of  ignition.  When  the  lower  holes  were 
opened,  the  explosion  in  the  tube  projected  the  jet  of  flame  farther 
into  the  vessel  than  it  did  when  the  upper  holes  were  opened.  The 
distance  also  varied  with  the  mixture  in  the  tube.    Consequently  some 
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variation  in  the  maximum  pressures  and  times  of  explosion  were  caused 
by  variations  in  the  intensity  of  ignition. 

Fig.  30  shows  the  effect  of  the  position  of  the  ignition  point  upon 
the  maximum  pressure  for  a  7  to  1  mixture  with  an  initial  pressure  of 
35  ll>.  per  sq.  in.  absolute.  Similar  tests  were  made  with  a  weaker 
mixture,  and  the  position  of  the  ignition  point  for  most  rapid  com- 
bustion was  found  to  be  about  3  in.  below  the  center  of  the  vessel. 
This  can  be  attributed  to  the  fact  that  the  convection  currents  in  the 
weaker  mixture  have  velocity  sufficient  to  be  comparable  with  the  rate 
of  inflammation,  and  the  position  o"f  the  ignition  point  in  the  lower- 
part  of  the  vessel  allows  the  action  of  the  convection  currents  to  become 
effective. 

Two  series  of  tests  were  made  with  varying  mixtures,  in  all  cases 
using  four  electric  sparks  in  series  passing  through  the  axis  of  the 
explosion  vessel.  For  one  series  an  initial  pressure  of  55  lb.  per  sq. 
in.  absolute,  and  for  the  other  an  initial  pressure  of  34.5  lb.  per  sq.  in. 
absolute  was  used.    The  results  are  shown  in  Fig.  31.    Fig.  32  clearly 
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indicates  that  the  maximum  pressure  is  directly  proportional  to  the 
initial  pressure. 

Further  data  on  the  cooling  of  various  mixtures  after  explosion 
were  given.  All  of  Bairstow  and  Alexander's  results,  however,  are 
subject  to  the  criticism  that  variations  in  the  intensity  of  ignition 
may  have  caused  variations  in  the  maximum  pressure  and  time  of 
explosion. 

7.  Researches  of  Hopkinson. — The  work  of  B.  Hopkinson97  is 
distinctly  significant  inasmuch  as  he  was  the  first  investigator  to 
make  extensive  use  of  an  optical  indicator  for  recording  the  ex- 
plosion pressure.  With  this  instrument  he  was  able  to  record  the 
rapid  variations  of  pressure  during  explosion  with  a  high  degree  of 
precision. 

Hopkinson  exploded  mixtures  of  Cambridge  coal-gas  and  air  in 
a  cylindrical  vessel  having  a  volume  of  6.2  cu.  ft.  Air-gas  ratios  of 
9  to  1  and  12  to  1  were  used,  and  in  all  cases  the  gases  were  saturated 
with  water  vapor.  The  temperature  of  the  burning  gases  was  measured 
by  means  of  platinum  resistance  thermometers  inserted  at  different 
parts  of  the  vessel  as  shown  in  Fig.  33.  These  thermometers  consisted 
of  short  coils  of  platinum   wire  0.001  in.   in   diameter.     They  were 
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Fig.  32.     Effect  of  Initial  Pressure  on  Maximum 
Pressure — Bairstow    and   Alexander 
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connected  in  series  with  a  galvanometer,  and  a  change  in  resistance  of 
the  coils,  due  to  a  change  in  temperature,  caused  a  variation  in  the 
current  in  the  circuit,  thus  deflecting  the  mirror  on  the  galvanometer. 
Records  of  both  temperatures  and  pressures  were  made  by  beams  of 
light  reflected  from  mirrors  on  the  galvanometer  and  indicator  to  a 
photographic  film  fastened  on  a  revolving  drum.  A  correction  was 
made  for  the  time  lag  of  the  thermometers. 

When  the  charge  was  fired,  it  was  found  that  the  coil  placed  at 
the  center  of  the  vessel  almost  invariably  melted,  thus  indicating  that 
the  temperature  was  at  least  as  high  as  1755  deg.  C.  The  curves  in 
Fig.  34  showing  the  relation  between  temperature  at  the  center  of  the 
vessel,  maximum  pressure,  and  time  elapsed  from  ignition,  also  show 
that  the  center  coil  melted  about  0.025  sec.  before  the  attainment  of 
maximum  pressure.  The  temperature  at  the  beginning  of  inflammation 
rose  rapidly,  indicating  that  the  combustion  of  the  mass  of  gas  near 
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the  ignition  point  was  practically  complete  before  the  pressure,  as 
shown  by  the  indicator,  had  increased  appreciably. 

After  ignition  the  flame  spread  through  the  mixture  with  a 
velocity  of  approximately  150  centimeters  per  second,  and  completely 
filled  the  vessel  about  0.03  see.  before  the  attainment  of  maximum 
pressure,  as  proved  by  the  fact  that  the  temperature  recorded  by  the 
thermometer  placed  1  cm.  from  the  wall  reached  a  maximum  0.03  sec. 
before  maximum  pressure.  The  gas  at  the  center  was  then  compressed 
adiabatically  to  a  temperature  considerably  above  the  melting  point 
of  platinum.  It  is  probable  that  this  temperature  was  approximately 
1900  deg.  C.  At  the  time  of  maximum  pressure  the  temperature 
distribution  was  approximately  as  follows: 

Deg.  C. 

Mean,  calculated   from   the  pressure 1600 

Center,  near  the  ignition  point 1900 

10  cm.  within  the  wall 1700 

1   em.  from  the  wall  at  the  end 1200 

1  cm.  from  the  wall  at  the  side 850 

It  is  evident,  even  if  the  explosion  vessel  was  nonconducting  and 
the  effect  of  radiation  and  conduction  was  excluded,  that  differences 
in  temperature  would  exist  at  different  parts  of  the  mixture  due  to 
variations  in  the  degree  of  compression  at  the  respective  points. 
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At  a  time  0.05  sec.  later  than  the  attainment  of  maximum  pressure, 
the  mean  temperature  of  the  gas  calculated  from  the  pressure  was 
about  1100  cleg.  C.  A  value  of  1160  cleg.  C.  was  determined  experi- 
mentally by  making  use  of  a  platinum  resistance  wire  stretched  en- 
tirely across  the  vessel. 

In  the  explosion  of  12  to  1  mixtures  the  effect  of  convection 
became  more  important  because  the  flame  was  propagated  more  slowly. 
The  temperature  of  the  gas  immediately  below  the  ignition  point  at 
first  increased,  and  then  decreased,  due  to  the  upward  movement  of 
the  cold  unburned  gases  as  they  followed  the  ascending  flame.  At  a 
time  one  second  later  than  ignition  the  pressure  was  still  less  than 
10  lb.  per  sq.  in.  and  the  upper  half  of  the  vessel  wavS  filled  witli 
burned  gas  which  was  giving  up  heat  to  the  cylinder  walls.  The  last 
portions  of  gas  to  be  ignited  were  those  immediately  below  the  ignition 
point.  The  maximum  pressure  was  50  lb.  per  sq.  in.  and  was  attained 
2.5  sec.  after  ignition.  During  that  time  at  least  one  half  of  the 
superficial  area  of  the  vessel  had  been  in  contact  with  the  flame.  The 
loss  of  heat  before  the  attainment  of  maximum  pressure  was,  there- 
fore, greater  for  a  weak  mixture  than  for  a  stronger  one. 

A  later  investigation115  was  undertaken  with  the  object  of 
measuring  the  heat  loss  to  the  walls  of  the  cylinder.  The  explosion 
vessel  was  a  cast  iron  cylinder  one  foot  in  diameter  and  one  foot  long, 
and  was  lined  with  wood.  The  wood  was  overlaid  with  a  continuous 
grid  of  strip  copper,  0.25  in.  wide  and  0.04  in.  thick,  which  was  con- 
nected in  series  with  a  galvanometer  in  order  to  serve  as  a  resistance 
thermometer.  A  Hopkinson  optical  indicator  was  used  to  measure 
the  pressure,  and  both  records  were  photographed  on  a  film. 

The  results  of  this  series  of  experiments  are  shown  in  Fig.  35. 
Concerning  these  results  Hopkinson  says :  ' '  The  heat  loss  begins  about 
0.05  seconds  after  ignition,  when  the  flame  first  comes  in  contact  with 
the  copper.  At  first  the  loss  goes  on  at  a  very  great  rate,  and  by  the 
time  the  maximum  pressure  is  reached,  about  1700  calories,  or  12 
per  cent  of  the  gross  heating  value  of  the  gas,  has  passed  to  the  walls. 
The  rate  of  heat  loss  at  this  point  is  about  10  calories  per  square 
centimeter  per  second,  and  the  mean  gas  temperature  is  1760  degrees 
Centigrade.  At  0.2  seconds  from  ignition  the  rate  of  heat  loss  is 
about  3.5  calories  per  square  centimeter  per  second,  and  the  mean 
gas  temperature  is  1300  degrees  Centigrade.     This  mean  temperature 
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74 
is  reduced  in  the  ratio  y^  between  these  two  points,  but  the  rate  of 

heat  loss  at  0.2  seconds  is  only  one  third  of  what  it  was  at  maximum 
pressure. ' ' 

Hopkinson's  results,  obtained  from  these  experiments,  doubtless 
included  some  of  the  radiation  loss  together  with  the  loss  due  to 
conduction.  In  Clerk's  opinion  only  the  conduction  loss  is  included, 
but  even  the  highly  polished  surface  does  not  reflect  all  radiation, 
and  the  metal  strip  would  necessarily  be  raised  in  temperatue  by  the 
radiation  received. 

8.  Researches  of  Nagel. — In  1908  A.  Nagel128  conducted  an  elab- 
orate investigation  on  the  velocity  of  inflammation  of  various  gaseous 
mixtures.  The  explosion  vessel  used  was  a  spherical  steel  bomb  40  cm. 
in  diameter.  A  diaphragm  in  communication  with  the  bomb,  and 
connected  mechanically  to  a  concave  mirror,  indicated  the  pressure 
developed  by  the  explosion.     Ignition  was  accomplished  by  means  of 
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Fig.  35.     Heat  Loss  tn  Explosions  of  Coal  Gas  and  Air — Hopkinson 
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a  single  high  tension  spark  at  the  center  of  the  bomb.  In  all  cases 
the  mixture  was  saturated  with  water  vapor.. 

Nagel's  results  contain  no  record  of  maximum  pressures,  since 
he  was  interested  in  the  velocity  of  inflammation  alone.  For  hydrogen 
and  air  mixtures  he  found  that  this  velocity  increased  directly  as 
the  hydrogen  content.  With  a  constant  mixture  the  velocity  increased 
with  the  initial  pressure,  the  increase  being  greater  as  the  mixture 
became  richer.  For  illuminating  gas  and  for  producer  gas  the  velocity 
of  inflammation  also  increased  with  gas  content,  but  at  constant  gas 
content  there  seemed  to  be  a  tendency  for  the  velocity  to  decrease  with 
an  increase  in  initial  pressure.  This  effect  was  more  marked  with 
weak  mixtures  than  with  stronger. 

The  main  interest  in  Nagel's  work  lies  in  an  elaborate  mathe- 
matical analysis  of  the  rate  of  flame  propagation  in  a  spherical  vessel. 
In  the  light  of  Hopkinson's  work  it  would  seem  that  some  of  Nagel's 
conclusions  must  be  somewhat  modified.  The  latter  assumed  that  the 
time  from  the  passage  of  the  spark  for  ignition  to  the  time  of  the 
attainment  of  maximum  pressure  was  the  time  of  inflammation.  Hop- 
kinson's  results,  however,  prove  that  the  inflammation  might  be  com- 
plete, that  is,  the  flame  might  fill  the  entire  vessel  some  time  previous 
to  the  attainment  of  maximum  pressure.  This  would  materially  affect 
some  of  Nagel's  conclusions  relative  to  the  rate  of  flame  propagation. 

9.  Researches  of  Bone. — In  1915  W.  A.  Bone172  and  several  of 
his  students  investigated  explosions  of  various  mixtures  of  hydro- 
carbons with  oxygen  and  air.  Two  types  of  explosion  vessels  were 
used.  One  was  a  cylindrical  vessel  one  foot  in  diameter  and  8  in. 
long,  and  the  other  a  spherical  vessel  3  in.  in  diameter.  In  all  cases  a 
Petavel  indicator  was  used  to  measure  the  pressures. 

These  experiments  were  conducted  primarily  to  make  a  study 
of  the  chemical  transformations  involved  in  the  explosion  process,  but 
the  results  were  also  confirmatory  of  the  work  of  other  experimenters 
on  the  effect  of  initial  pressure  and  richness  of  gas  mixture. 

10.  Researches  of  David.— Major  W.  T.  David144  has  conducted 
several  series  of  investigations  on  the  explosions  of  gaseous  mixtures 
with  special  reference  to  the  cooling  of  the  gas  during  explosion  and 
the  period  subsequent  to  explosion. 
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In  order  to  determine  the  effect  of  radiation,  experiments  were 
made  in  a  cylindrical  vessel  30  cm.  in  diameter  and  length.  A  llop- 
kinson  indicator  was  used  to  record  the  explosion  pressures.  The 
radiation  from  the  mass  of  gas  Mas  measured  by  means  of  a  platinum 
holometer  placed  in  front  of  a  diathermanous  fluorite  window  located 
in  one  end.  The  inside  walls  of  the  vessel  were  either  painted  black, 
in  order  to  absorb  practically  all  of  the  heat  radiated  by  the  burning 
gas,  or  were  silver  plated  and  polished. 

Tests  were  run  in  the  vessel  having  the  blackened  walls,  using 
9  per  cent  and  15  per  cent  mixtures  of  Cambridge  coal  gas  and  air. 
Similar  tests  were  then  run  in  the  vessel  with  polished  walls  with 
mixture  of  13  per  cent  and  15  per  cent  gas  content.  From  these 
tests  the  following  conclusions  were  drawn : 

(1)  The  total  amount  of  heat  lost  to  the  walls  of  the  vessel 
by  radiation  up  to  the  time  of  maximum  pressnre  is  approximately 
proportional  to  the  product  of  the  third  power  of  the  maximum 
absolute  temperature  and  the  time  of  explosion. 

(2)  The  total  radiant  heat  lost  to  the  walls  (hiring  the 
explosion  and  the  subsequent  cooling  is  about  25  per  cent  of  the 
heat  of  combustion  of  the  gas. 

(3)  The  emission  of  radiation  at  all  times  varies  with  the 
temperature  and  with  the  time  from  ignition. 

(4)  In  w7eak  mixtures  (and  probably  also  in  stronger  mix- 
tures) the  rate  at  which  radiation  is  emitted  is  a  maximum  some 
time  before  the  attainment  of  maximum  pressnre,  and  probably 
occurs  at  the  time  when  the  flame  tills  the  vessel. 

(5)  Weak  mixtures  emit  more  radiation  in  the  initial  stages 
of  cooling  than  strong  mixtures  when  they  have  cooled  to  the 
same  temperature  as  the  weaker. 

(6)  Carbon  dioxide  emits  radiation  about  twice  as  strongly 
as  an  equal  volume  of  water  vapor  at  the  same  temperature. 

(7)  The  total  heat  lost  by  radiation  up  to  the  time  of  maxi- 
mum pressure  decreases  as  the  initial  pressure  of  the  mixture  is 
increased. 

(8)  Denser  mixtures  radiate  heat  much  more  strongly  than 
those  of  less  density,  especially  at  the  instant  of  maximum  pressure 
and  in  the  initial  stages  of  cooling.  The  emission  varies  approxi- 
mately as  the  square  root  of  the  density. 
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Fig.  36.     Eadiation  Curves — David 


A  set  of  curves  showing  the  relations  between  pressure,  tempera- 
ture, total  radiation,  and  radiation  per  square  centimeter  of  cylinder 
area  is  shown  in  Fig.  36,  and  others  showing  the  relations  between 
radiation  loss  in  calories  per  square  centimeter  per  second,  size  of 
vessel  and  initial  pressure  are  shown  in  Fig.  37.  The  radiation  loss, 
after  correcting  for  heat  absorbed,  varies  with  the  temperature  very 
nearly  in  accordance  with  Planck's  equation  for  the  radiation  from  a 
flame  of  wave  length  3.6  n  .  At  temperatures  of  1800  to  2400  deg.  C. 
the  radiation  varies  with  the  square  of  the  absolute  temperature. 

In  subsequent  articles  David  discusses  the  radiation  from  a  mass 
of  burning  gas  from  the  theoretical  standpoint  and  analyzes  his 
results  on  a  purely  mathematical  bnsis. 

Tests1  lJG  were  made  with  the  same  apparatus  to  determine  the  effect 
of  diluting  the  mixture  with  carbon  dioxide  instead  of  the  nitrogen 
in  the  air.  Lower  explosion  pressures  were  observed  when  carbon 
dioxide  was  used  as  a  diluent  than  when  nitrogen  was  used.  David 
attributes  this  effect  to  the  greater  specific  heat  of  carbon  dioxide  at 
high  temperature  and  to  the  fact  that  dissociation  occurs,  leaving 
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an  appreciable  amount  of  unburned  combustible  in  the  gas  at  the 
time  of  maximum  pressure. 

David  also  made  a  stud}'215  of  the  loss  of  heat  by  conduction  to 
the  walls  of  the  explosion  vessel.  A  polished  silver  grid  was  mounted 
on  a  piece  of  linoleum  and  then  placed  on  the  inside  of  the  end  of 
the  vessel.  The  grid  was  connected  in  series  with  a  galvanometer  in 
order  to  serve  as  a  calorimeter.  "When  the  explosion  took  place  the 
temperature  of  the  grid  increased  due  to  the  heat  conducted  to  it 
from  the  gas.  The  amount  of  heat  received  by  the  grid  in  a  given 
time  could  be  calculated  from  the  mass  and  the  increase  in  tempera- 
ture. To  this  was  added  the  heat  that  passed  through  the  grid  into 
the  linoleum  backing,  based  on  calculations  making  use  of  a  .power 
series  formula  with  empirical  coefficients.  The  grid  was  located  in 
such  a  manner  that  the  heat  loss  as  calculated  corresponded  to  the 
mean  heat  loss  by  conduction  for  the  entire  vessel. 

The  loss  of  heat  by  conduction  up  to  the  time  of  maximum  pressure 
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Fig.  37. 


Effect  of  Initial  Pressure  and  Cylinder 
Dimensions  on  Radiation — David 
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Table  20 
Heat  Loss  by  Conduction — David 


Per  Cent  Gas  in  Mixture 

Per  Cent  Heal  of  Combustion  Lost 

15.0 
12.4 
9.7 

5.1 
5.5 
11.0 

expressed  as  a  per  cent  of  the  heat  of  combustion  of  the  gas  mixtures 
used  is  given  in  Table  20. 

The  greater  time  required  for  the  explosion  of  the  weaker  mixtures 
seems  to  influence  the  total  radiation  more  than  the  higher  tempera- 
tures attained  in  the  case  of  the  stronger,  since  an  increase  in  heat 
loss  is  observed  as  the  mixture  becomes  leaner. 

At  0.5  sec.  after  ignition  the  15  per  cent  mixture  showed  a  loss 
by  conduction  of  38  per  cent  of  its  heat  of  combustion.  At  the  same 
time  the  12.4  per  cent  mixture  had  lost  about  31  per  cent  and  the  9.7 
per  cent  mixture  about  28  per  cent  of  their  heats  of  combustion. 
Fig.  38  shows  the  rate  of  heat  loss  by  conduction  during  the  cooling 


0 

I 


i 


V£ 

-%  c 

''as 

(&A 

'  %G 

(75 

cs 

7%  t 

^OS 

S600        2400         2200         2000  1800  1600         1400         1200 

Mean  Gas  Temperature  /r?  de<?.  C.  /lbs. 


Fig.  38.    Heat  Loss  by  Conduction — David 
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process.  In  the  initial  stages  of  cooling  the  weaker  mixtures  seem  to 
lose  heat  more  rapidly  than  the  stronger  mixtures  when  they  have 
cooled  to  the  same  temperature.  This  is  probably  due  to  the  action 
of  convection  currents,  which  are  more  effective  in  the  early  stages  of 
cooling  than  in  the  later. 

No  mention  is  made  in  David's  report  of  any  correction  having 
been  applied  for  radiant  heat  absorbed  by  the  silver  grid.  Highly 
polished  silver  absorbs  about  4  per  cent  of  the  radiant  heat  falling 
upon  it,*  and  it  is  probable  that  the  grid  actually  in  use  absorbed 
more  than  4  per  cent  due  to  unavoidable  deposits  on  the  surface. 

In  a  later  paper  David216  combined  the  losses  due  to  radiation 
and  conduction,  and  formed  an  estimate  of  the  internal  energy  of  the 
mixture  during  combustion.  The  data  of  this  paper  indicate  that  at 
the  moment  of  maximum  pressure  about  90  per  cent  of  the  heat  of 
combustion  of  the  mixture  has  been  converted  into  thermal  energy,  and 
that  after-burning  continues  for  at  least  0.025  sec.  after  maximum 
pressure  is  reached.  The  distribution  of  energy  at  the  moment  of 
maximum  pressure  is  as  follows : 

Internal  thermal  energy  —  72  to  80  per  cent. 
Available  chemical  energy  —  10  per  cent. 
Heat  lost  to  walls  — 10  to  18  per  cent. 

David  has  also  measured  the  radiation  emitted  in  explosions  of 
hydrogen  and  air.211 

11.  Miscellaneous  Researches. — A  number  of  researches  on  gas- 
eous explosions  have  been  conducted  by  other  experimenters  but  those 
discussed  are  characteristic  of  all  the  work  in  the  field  and  have  been 
chosen  as  the  most  representative. 


Physikalische-Chemische   Tabelleu,   by   Landolt  and   Bornstein,   p.   961. 


A  STUDY  OF   EXPLOSIONS  OF  GASEOUS  MIXTURES  75 


APPENDIX  C 

Bibliography  on  Gaseous  Explosions 

1.  General  Statement. — This  bibliography  contains  references, 
not  only  on  the  subject  of  the  physical  phenomena  involved  in  the 
explosions  of  gaseous  mixtures  as  considered  in  this  report,  but  also 
in  regard  to  the  chemical  transformations  and  other  allied  phenomena. 
Numerous  references  of  a  mathematical  nature,  particularly  in  regard 
to  the  subject  of  explosion  waves,  are  also  included,  as  well  as  some 
few  references  describing  instruments  and  apparatus  used  in  investiga- 
tions of  gaseous  explosions. 

2.  Abbreviations  of  Titles  of  Periodicals. — The  titles  of  various 
periodicals  have  been  abbreviated  when  quoted  in  the  Bibliography; 
therefore  the  following  reference  table  of  abbreviations  and  full  titles 
is  given : 

Ann.  Chim.  et  Phys. — Annales  de  Chimie  et  Physique. 

Ann.  des  Mines — Annales  des  Mines. 

Ann.  der  Phys. — Annalen  der  Physik  und  Chemie. 

Ber.   deutsch  Chem.   Gess. — Berichte   der  deutschen   Chemische   GesseUschaft. 

Brit.  Assn.  Adv.  Se. — British  Association  for  the  Advancement  of  Science. 

Bui.  Soc.  l'Ind.  Minerale. — Bulletin — Societe  de  1 'Industrie  Minerale. 

Chem.  News. — Chemical  News  and  Journal  of  Physical  Science. 

Compt.   Rend. — Comptes  Rendus  de  l'Academie   des   Sciences. 

Engr. — The  Engineer  (London). 

Eng.- — Engineering    (London). 

Eng.  News. — Engineering  News. 

Jour.  Am.  Chem.  Soc. — Journal  of  the  American  Chemical  Society. 

Jour.  A.S.M.E. — Journal  of  the  American  Society  of  Mechanical  Engineers. 

Jour.   Chem.  Soc. — Journal  of  the  Chemical   Society    (London). 

Jour,  fur  Gasbel. — Journal  fur  Gasbeleuchtung. 

Jour.  Prakt,  Chem. — Journal  fiir  Praktische  Chemie. 

Jour.  S.  A.  E. — Journal  of  the  Society  of  Automotive  Engineers. 

Mem.  Manchester  Lit.  and  Phil.  Soc. — Memoirs,  Manchester  Literary  and 
Philosophical  Society. 

Mitt.  ii.  Forsch. — Mitteilungen  iiber  Forschungsarbeiten. 

Phil.  Mag. — London,  Edinburgh  and  Dublin  Philosophical  Magazine  and 
Journal  of  Science. 

Phil.  Trans.  Eoy.  Soc— Philosophical  Transactions  of  the  Royal  Society. 
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Phys.  Zeit. — Physikalische  Zeitschrift. 

Proc.  Inst.  C.  E. — Proceedings,  Institution  of  Civil  Engineers. 

Proc.  Inst.  M.  E.: — Proceedings,  Institution  of  Mechanical    Engineers. 

Proc.  London  "Phys.  Soc. — Proceedings  of  the  London  Physical  Society. 

Proc.  Roy.  Soc. — Proceedings  of  the  Royal  Society. 

Revue  Gen.  Elect. — Revue  Gent'rale  de  Electricite. 

Sitz.  Akad.  Wiss.  Wein — Sitzungsberichte  der  Akademie  Wissenschaften  zu 
Wein. 

Tech.  Paper,  U.  S.  Bureau  of  Mines — Technical  Paper,  United  States  Bureau 
of   Mines. 

Zeit.  Elektro. — Zeitschrift  fur  Elektrocheniie. 

Zeit.  Phys.  Chem. — Zeitschrift  fur  Physikalische  Chemie. 

Zeit.  ver.  d.  Ing. — Zeitschrift  des  vereines  deutscher  Ingenieurs. 
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Gazeux  a  de  Tres  Hautes  Temperatures"  (The 
Specific  Heat  of  Gaseous  Elements  at  High 
Temperatures).      Compt.    Rend.,    v.    98,    pp. 

770-75. 

27 

1884 

H.  B.  Dixon 

' '  The  Conditions  of  Chemical  Changes  in 
Gases."  Phil.  Trans.  Roy.  Soc,  v.  175,  pt.  2, 
pp.  617-84. 

28 

1884 

H.  B.  Dixon 

' '  The  Conditions  of  Chemical  Changes  in 
Gases."  Proc.  Roy.  Soc,  Ser.  A,  v.  37,  pp. 
56-61. 
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29 

1885 

Vielle 

"Sur  les  Chaleurs  Speeifiques  de  Quelques 
Gaz  aux  Temperatures  Elevees"  (The  Spe- 
cific Heats  of  Certain  Gases  at  High  Tempera- 
tures). Compt.  Rend.,  v.  96,  pp.  1218-21  and 
1358-61. 

30 

1885 

H.  B.  Baker 

"Combustion  in  Dried  Gases."  Jour.  Chem. 
Soc,  v.  47,  pp.  349-52. 

31 

1886 

D.  Clerk 

"On  the  Explosion  of  Homogeneous  Gas  Mix- 
tures."    Proc.  Inst.  C.  E.,  v.  85,  pp.  1-53. 

32 

1887 

G.  C.  Douglas 

"Explosions  of  Heterogeneous  Mixtures  of 
Coal-gas  and  Air."  Engr.  (London),  v.  63, 
pp.  308. 

33 

1888 

von  Oettingen 
and  Gernet 

"Uber  Knallgasexplosion"  (On  Knall-gas 
Explosions).     Ann.   der  Phys.,  v.   33,  p.  586. 

34 

1889 

W.  Michelson 

"Uber  die  Normale  Entziindungsgeschwindig- 
keit  explosiver  Gasgemische"  (The  Normal 
Ignition  Velocity  of  Explosive  Gas  Mixtures.) 
Zeit.  Phys.  Chem.,  v.  3,  pp.  493-4. 

35 

1890 

E.  Von  Helm- 
holtz 

' '  Der  Licht  und  Warmestrahlung  verbren- 
nender  Gase"  (The  Light  and  Heat  Radia- 
tion of  Burning  Gases).  Beiblatter,  Ann.  der 
Phys.,  v.  14,  pp.  589-602. 

36 

1891 

J.  Koszkowski 

"Uber  die  Einwirkung  der  Temperatur  auf 
die  Explosionsgrenzen  brennbarer  Gasge- 
mische" (The  Influence  of  Temperature  on 
the  Explosion  Limits  of  Inflammable  Gas 
Mixtures).  Zeit.  Phys.  Chem.,  v.  7,  pp.  485- 
99. 

37 

1892 

H.  B.  Dixon 

' '  The  Rate  of  Explosion  in  Gases. ' '  Proc. 
Roy.  Soc,  v.  52,  pp.  451-53. 

38 

1892 

B.  Lean  and 
W.  A.  Bone 

' '  The  Behavior  of  Ethylene  on  Explosion  with 
Less  than  Its  Own  Volume  of  Oxygen. ' '  Jour. 
Chem.  Soc,  v.  61,  pp.  873-88. 

39 

1892 

H.  Smithells 

' '  Note  on  the  Structure  of  Luminous  Flames. ' ' 
./our.  Chem.  Soc,  v.  61,  pp.  217-26. 
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40 

1892 

H.  Smithells 

"The  Structure  and  Chemistry  of  Flames." 

and  H.  Ingle 

Jour.  Chem.  Soc,  v.  61,  pp.  204-17. 

41 

1892 

B.  Lean  and 

' '  The  Explosion  of  Ethylene  with  Less  than 

W.  A.  Bone 

Its  Own  Volume  of  Oxygen. ' '  Beport  of  Brit. 
Assn.  Adv.  Sc,  v.  62,  pp.  673-74. 

42 

1892 

B.  Lean  and 

"A  New  Method  for  Measuring  the  Pressure 

W.  A.  Bone 

Produced  in  Gaseous  Explosions."  Beport 
Brit.  Assn.  Adv.  Sc,  v.  62,  pp.  684-86. 

43 

1892 

J.  A.  Harker 

"Uber  den  Umsatz  von  Wasserstoff  mit  Chlor 
und  Sauerstoff"  (On  the  Beaction  of  Hy- 
drogen with  Chlorine  and  Oxygen).  Zeit. 
Phys.  Chem.,  v.  9,  pp.  673-97. 

44 

1893 

Meyer   and 

"Uber  ein  exactes  Verfahren  zu  Ermittlung 

Munch 

der  Entzundungstemperatur  brennbarer  Gas- 
gemische"  (An  Exact  Determination  of  the 
Ignition  Temperatures  of  Inflammable  Gas 
Mixtures).  Ber.  deutsch  Chem.  Gess.,  v.  26, 
pt.  3,  p.  2421. 

45 

1893 

F.  Freyer  and 

"Ueber     die     Entziindungstemperaturen     ex- 

E.  Meyer 

plosiver  Gasgemische"  (The  Ignition  Tem- 
peratures of  Gaseous  Mixtures).  Zeit.  Phys. 
Chem.,  v.  11,  pp.  28-37. 

46 

1893 

A.  Mitscher- 

"Uber    den    Verbrennungspunkt "     (Ignition 

Iieh 

Points).  Ber.  deutsch  Chem.  Gess.,  v.  26,  pp- 
399-403.  Abstracted  in  Jour.  Chem.  Soc. 
Abst.,  v.  64,  pt.  2,  pp.  202  and  257. 

47 

1893 

H.  B.  Dixon 

"The  Bate  of  Explosion  in  Gases."  Phil. 
Trans.  Boy.  Soc,  v.  184,  pp.  97-188. 

48 

1893 

V.  Meyer 

' '  The  Temperature  of  Ignition  of  Explosive 
Gas   Mixtures."     Nature,   v.   49,   pp.    138-39. 

49 

1894 

F.   Clowes 

' '  The  Composition  of  Limiting  Explosive  Mix- 
tures of  Various  Combustible  Gases  with  Air. ' ' 
Jour.  Chem.  Soc,  v.  67,  p.  201. 

50 

1895 

H.  LeChatelier 

"Sur  la  Combustion  de  Acetylene"  (The 
Combustion  of  Acetylene).  Compt.  Bend.,  v. 
121,  pp.   1144-46. 
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52 


53 


54 


55 


56 


57 


58 


59 


60 


61 


1896 


1896 


1896 


189/ 


1897 


1897 


1898 


1898 


1899 


1899 


1900 


Author 


H.  B.  Dixon  and 
J.  A.  Harker 

H.  B.  Dixon 


Dixon,   Strange 
and  Graham 

W.  A.  Bone 
and  J.  C.  Cain 


M.  H.  Helier 


H.  B.  Dixon 
and  E.  Russel 


J.  Petavel 


F.  W.  Burstall 


Title  and  Kkkekence 


P.  Vielle 


D.  L.  Chap- 
man 

P.  Vielle 


' '  On  the  Detonation  of  Chlorine  Peroxide. ' ' 
Jour.  Chem.  Soc,  v.  69,  pt.  1,  pp.  789-92. 

' '  The  Mode  of  Formation  of  Carbonic  Acid 
in  the  Burning  of  Carbon  Compounds. ' ' 
Jour.  Chem.  Soc.  v.  69,  pt.  1,  pp.  774-89. 

' '  The  Explosions  of  Cyanogen. ' '  Jour.  Chem. 
Soc,  v.  69,  pp.  759-74. 

' '  The  Explosion  of  Acetylene  with  Less  than 
Its  Own  Volume  of  Oxygen. ' '  Jour.  Chem. 
Soc,  v.  71,  pp.  26-41. 

' '  Recherches  sur  les  Combinaisons  Gazeuzes ' ' 
(Researches  on  the  Combinations  of  Gases). 
Ann.  Chim.  et  Phys.,  Ser.  7,  v.  10,  pp.  521-36. 

' '  Explosions  of  Chlorine  Peroxide  with  Car- 
bonic Oxide."  Jour.  Chem.  Soc,  v.  71,  pp. 
605-7. 

' '  The  Heat  Emitted  by  a  Hot  Platinum  Sur- 
face."  Phil.  Trans.  Roy.  Soc,  v.  191,  pp. 
501-24.     Also  v.  197,  pp.  229-54. 

' '  Reports  of  Gas  Engine  Research  Commit- 
tee." Proc  Inst.  M.  E.:  1898— pp.  209-67; 
1901— pp.  1031-1154;    1908— pp.  5-98. 

' '  Sur  les  Discontinuites  produites  par  la  de- 
tente brusque  de  Gaz  Compiimes"  (The  Dis- 
continuities Produced  by  the  Sudden  Release 
of  Compressed  Gas).  Compt.  Rend.,  v.  129, 
pp.  1228-30. 

' '  On  the  Rate  of  Explosion  in  Gases. ' '  Phil. 
Mag.,  Ser.  5,  v.  47,  pp.  90-104. 

' '  Role  des  Discontinuites  dans  la  Propaga- 
tions des  Phenomenes  Explosifs"  (The  Role 
of  Discontinuities  in  the  Propagation  of  Ex- 
plosive Phenomena).  Comp.  Rend.,  v.  131, 
pp.  413-16. 
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62 

1900 

LeChatelier 

"Sur  le  Developement  et  la  Propagation  de 
l'Onde.  Explosive"  (The  Development  and 
Propagation  of  the  Explosion  Wave).  Compt. 
Rend.,  v.  130,  pp.  1755-60. 

63 

1900 

S.  Tanater 

"Die  Verbrennung  der  Gase"  (The  Combus- 
tion of  Gases).  Zeit.  Phys.  Chem.,  v.  35, 
pp.  340-42. 

64 

1900- 

LeChatelier 

' '  Sur  la  Propagation  des  Ondes  Condensees 
dans  les  Gaz  Chauds"  (The  Propagation  of 
Compression  Waves  in  Hot  Gases).  Compt. 
Rend.,  v.  130,  pp.  30-33. 

65 

1900 

R.  H.  Fenn 

' '  Experiments  on  the  Explosive  Power  of 
Acetylene."     Eng.   News.,  v.  44.  pp.  366-67. 

66 

1901 

J.  Petavel 

"Measurements  of  High  Pressure  Explo- 
sions." Mem.  Manchester  Lit.  and  Phil.  Soc, 
v.  46,  pt.  2,  p.  1. 

67 

1901 

F.  W.  Burstall 

' '  Discussion  of  Second  Report  of  Gas  Engine 
Research  Committee."  Eng.  (London),  v. 
72,   pp.    592-95,    628-31,    and    663-67. 

68 

1901 

F.  D.  Howe 

' '  Explosion  Engine  Diagrams. ' '  Horseless 
Age,  v.  8,  pp.  652-53. 

69 

1901 

Jones  and 

"On    the    Instantaneous    Pressure    Produced 

Bower 

on  the  Collision  of  Two  Explosion  Waves." 
Mem.  Manchester  Lit.  and  Phil.  Soc,  v.  42, 
pt.  7,  pp.  1-7. 

70 

1901 

E.  C.  Oliver 

' '  Some  Explosive  Properties  of  Gasoline  and 
Air  Mixtures."  Horseless  Age,  v.  8,  pp. 
616-17. 

71 

1901 

S.    Tanater 

' '  Ueber  die  Verbrennung  der  Gase ' '  ( The 
Combustion  of  Gases).  Zeit.  Phys.  Chem., 
v.  36,  pp.  225-26. 

72 

1902 

E.  Jouget 

' '  Sur  la  Rupture  et  le  Displacement  1  'Equi- 
libre"  (The  Rupture  and  Displacement  of 
Equilibrium).  Compt.  Rend.,  v.  134,  pp. 
1418-23. 

84 
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73 

1902 

E.  Jouget 

' '  Sur  la  Rupture  et  le  Displacement  1  'Equi- 
libre"  (The  Rupture  and  Displacement  of 
Equilibrium).  Compt.  Rend.  v.  135,  pp.  778- 
81. 

74 

1902 

J.  Petavel 

' '  Thermal  Emissivity  in  High  Pressure 
"Gases."     Eng.  (London),  v.  73,  pp.  1-3. 

75 

1902 

L.  Bairstow 

' '  Experiments  on  Gas  Explosions  in  a  Closed 

and 

Vessel."     Eng.   (London),  v.  74,  pp.  723 -24. 

E.  C.  Horsely 

76 

1902 

H.  E.  Wimperis 

"On  Gas  Engine  Temperatures."  Eng. 
(London),  v.  73,  pp.  833-34. 

77 

1902 

C.  E.  Lueke 

"The  Explosion  "Wave  in  Engine  Cylinders." 

Horseless  Age,  v.  10,  pp.  553-56. 

78 

1902 

P.  Eitner 

' '  Untersuchungen  iiber  die  explosionsgrenzen 
brennbarer  Gase  und  Dampfe"  (Researches  on 
the  Explosion  Limits  of  Inflammable  Gases 
and  Vapors).    Jour.  Gasbel.,  v.  45,  p.  22. 

79 

1902 

.... 

"Explosive  Gas  Mixtures."  Eng.  (London), 
v.  93,  pp.  305-6. 

80 

1903 

H.  B.  Dixon 

' '  On  the  Movements  of  Flame  in  the  Ex- 
plosion of  Gases."  Phil.  Trans.  Roy.  Soc, 
Ser.  A.,  v.  200,  pp.  315-52. 

81 

1903 

A.  Langen 

' '  Untersuchungen  iiber  die  Drucke  welche  bei 
Explosionen  von  Wasserstoff  und  Kohlenoxyd 
in  geschlossenen  Gefasen  auftreten"  (Re- 
searches on  the  Pressure  Produced  by  the 
Explosions  of  Hydrogen  and  Carbon  Monoxide 
in  a  Closed  Vessel).  Mitt.  ii.  F'orsch.,  v.  8, 
pp.  1-54. 

.82 

1903 

H.  E.  Wimperis 

' '  A  Further  Note  on  Gas  Engine  Explosions. ' ' 
Engr.  (London),  v.  96,  p.  511. 

83 

1904 

E.  Jouget 

"Remarques  sur  la  Loi  Adiabatique  d'Hugo- 
niot"     (Notes    on    the    Adiabatic    Law    of 

Hugoniot).     Compt.  Rend.,  v.  139,  pp.  786-89. 
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84 

1904 

H.  Mache 

1 '  TJber  die  Explosions  geschwindigkeit  in 
Homogenen  Knallgasen"  (The  Explosion 
Velocity  in  Homogeneous  Mixtures  of  Knall- 
gas).  Sitz.  Akad.  Wiss.  Wein.,  v.  113,  pt.  2a, 
pp.  341-54. 

85 

1904 

A.  Wassil- 

"  Warmeleitung  in  Gasgemischen  "  (Heat  Con- 

jewa 

duction  in  Gas  Mixtures).  Phys.  Zeit.,  v.  5, 
p.  737. 

86 

1904 

E.  Jouget 

• 
' '  Remarques  sur  la  Propagation   des  Percus- 
sions dans  les  Gaz"   (Notes  on  the  Propaga- 
tion of  Percussions  in  Gases).     Compt.  Rend., 
v.  138,  pp.  1685-88. 

87 

1904 

E.  Jouget 

"Sur  l'Onde  Explosive"  (The  Explosion 
Wave).     Compt.  Rend.,  v.  139,  pp.  121-24. 

88 

1905 

S.  Zemplen 

' '  Sur  1  'Impossibilite  des  Ondes  de  Choc  Nega- 
tives dans  les  Gaz"  (The  Impossiblity  of  Neg- 
ative Impact  Waves  in  Gases).  Compt.  Rend., 
v.  141,  pp.  710-12. 

89 

1905 

E.  Jouget 

"Sur  l'Onde  Explosive"  (The  Explosion 
Wave).     Compt.  Rend.,  v.  140,  pp.  711-12. 

90 

1905 

L.   Bairstow 

' '  Explosions  of  Mixtures  of  Coal-gas  and  Air 

and 

in  a  Closed  Vessel."     Proc.  Roy.  Soc,  Ser.  A, 

A.  Alexander 

v.  76,  pp.  340-49. 

91 

1905 

J.  Petavel 

' '  The  Pressure  of  Explosions. ' '  Proc.  Roy. 
Soc,  Ser.  A.,  v.  76,  pp.  492-94. 

92 

1905 

W.  A.  Bone  and 

' '  The     Combustion     of     Acetylene. ' '       Jour. 

G.  W.  Andrew 

Chem.  Soc,  v.  87,  pt.  2,  pp.  1232-49. 

93 

1906 

E.  Jouget 

' '  Sur  1  'Acceleration  des  Ondes  de  Choc 
Spheriques"  (The  Acceleration  of  Spherical 
Impact  Waves).  Compt.  Rend.,  v.  142,  pp. 
1034-36. 

94 

1906 

E.  Jouget 

' '  Sur  1  'Acceleration  des  Ondes  de  Choc 
Planes"  (The  Acceleration  of  Plane  Impact 
Waves).    Compt.  Rend.,  v.  142,  pp.  831-3. 

sti 
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95 

1906 

P.  Duhein 

"Sur  les  quasi  Ondes  de  Choc  au  sein  des 
Fluid  Mauvais  Conducteurs  de  la  Chaleur" 
(The  Quasi-Impact  Waves  in  Fluids  which  axe 
Poor  Conductors  of  Heat).  Compt.  Rend., 
v.  142,  pp.  612-16. 

96 

1906 

P.  Duhem 

' '  Sur  les  quasi  Ondes  de  Choc  au  sein  de  un 
Fluid  bon  Conducteurs  de  la  Chaleur"  (The 
Quasi-Impact  Waves  in  Fluids  which  are  Good 
Conductors  of  Heat).     Compt.  Rend.,  v.  142, 

pp.  750-51. 

97 

1906 

B.  Hopkinson 

"Explosions  of  Coal-gas  and  Air."  Proc. 
Roy.  Soc,  Ser.  A.,  v.  77,  pp.  387-413. 

98 

1906 

K.  G.  Falk 

' '  The  Ignition  Temperatures  of  Hydrogen- 
Oxygen  Mixtures."  Jour.  Am.  Chem.  Soc, 
v.  28,  pt.  2,  pp.  1517-34. 

99 

1906 

A.  Will 

' '  Uber  Teehnische  Methoden  der  Sprengstoff - 
priifung"     (The    Technical    Methods    of     Ex 
plosion   Research).      Zeit.    Elektro.,   v.   12,   p. 
588. 

100 

1906 

D.   Clerk 

' '  On  the  Specific  Heat  of,  Flow  from,  and 
other  Phenomena  of  the  Working  Fluid  of 
the  Internal  Combustion  Engine."  Proc 
Roy.  Soc,  Ser.  A.,  v.  77,  pp.  500-27. 

101 

1906 

J.  Petavcl 

''The  Pressure  of  Explosions."  Phil.  Trans. 
Roy.  Soc,  v.  205,  pp.  357-99. 

102 

1906 

W.  A.  Bone  and 

' '  The  Combustion  of  Well-dried  Mixtures  of 

< !.  W.  Andrew 

Hydrocarbons  and  Oxygen."  Jour.  Chem. 
Soc,  v.  89,  pt.  1,  pp.  652-59. 

103 

1906 

W.   A.   Bone 

' '  The    Explosive    Combination    of    Hydrocar- 

and Drugman 

bons.  ' '  Jour.  Chem.  Soc,  v.  89,  pt.  1,  pp. 
660-82. 

104 

1906 

B.  Hopkinson 

' '  Explosions  of  Coal-gas  and  Air. ' '  Eng. 
(London),  v.  81,  p.  777. 

105 

1906 

F.   Hausser 

'•  (Jntersuchungen    Explosive?  Leuchtgas-Luft- 

gemische"  (Researches  on  Explosive  Mix- 
tures of  Illuminating  Gas  and  Air").     Zeit.  ver. 

d.  Ing.,  v.  50,  pp.  240-46. 
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106 

1907 

K.  G.  Falk 

' '  The  Ignition  Temperatures  of  Gaseous  Mix- 
tures."  Jour.  Am.  Chem.  Soc,  v.  29,  pt.  2, 
pp.  1536-57. 

107 

1907 

L.    Bradshaw 

"Firing  of  Gaseous  Mixtures  by  Compres- 
sion. ' '    Proc.  Boy.  Soc,  Ser.  A.,  v.  79,  p.  236. 

108 

1907 

L.    Crussard 

"Sur  quelques  Proprietes  de  l'Onde  Explo- 
sive" (Certain  Properties  of  the  Explosion 
Wave).     Compt.  Rend.,  v.  144,  pp.  417-20. 

109 

1907 

E.  Jouget   and 

"Sur    les    Ondes    de    Choc    et    Combustion" 

L.  Crussard 

(Waves  of  Impact  and  Combustion).  Compt. 
Eend.,  v.  144,  pp.  560-63. 

110 

1907 

K.  G.  Falk 

"Die  Entziindungstemperaturen  von  Gasge- 
misehe"  (The  Ignition  Temperatures  of  Gas- 
eous  Mixtures).     Ann.   der   Phys.,   v.   24,  pp. 

450-82. 

111 

1907 

E.  Jouget  and 

' '  Sur  les   Ondes   de   Choc   et   de   Combustion 

L.  Crussard 

Spheriques"  (Spherical  Waves  of  Impact  and 
Combustion).  Compt.  Eend.,  v.  144,  pp.  632- 
34. 

112 

1907 

E.  Jouget 

"Eemarque  sur  les  Ondes  de  Choc"  (Note  on 
Impact  Waves).  Compt.  Eend.,  v.  144,  pp. 
415-20. 

113 

1907 

N.  Teclu 

"Zur  Ermittelung  von  Explosionsgrenzen  in 
Gasgemengen"  (The  Determination  of  Ex- 
plosion Limits  in  Gaseous  Mixtures).  Jour. 
Prakt.  Chem.,  v.  75,  p.  212. 

114 

1907 

H.  B.  Dixon 

' '  The  Explosive  Limits  of   Pure   Electrolytic 

and 

Gas."     Proc.  Roy.  Soc,  Ser.  A.,  v.  79,  p.  234. 

L.  Bradshaw 

115 

1907 

B.  Hopkinson 

' '  Explosions  of  Coal-gas  and  Air.  * '  Proc. 
Roy.  Soc,  Ser.  A,  v.  79,  p.  138. 

116 

1907 

D.   Clerk 

"On  the  Limits  of  Thermal  Efficiency  in 
Internal  Combustion  Motors."  Proc.  Inst. 
C.  E.,  v.  169,  pp.  121-81. 

117 

1907 

L.  Crussard 

' '  Ondes  de  Choc  et  1  'Onde  Explosive ' '  (Impact 
and  Explosion  Waves).  Bui.  Soc.  l'Ind. 
Minerale,  v.  6,  pp.  258-363. 
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120 
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Year 


L908 


1908 


1908 


1908 

to 
1916 


122 

123 
124 
L25 

126 
127 


1908 

1908 
1908 
1908 
1908 
1908 


Author 


W.  Borth 


E.  Jouget 


E.  Jouget  and 
L.  Crussard 


Title  and  Reference 


"  Untersuchungen  iiber  die  Verbrennungs- 
vorgang  in  der  Gasmaschine"  (Researches  on 
the  Combustion  Process  in  the  Gas  Engine). 
Zeit.  Ver.  d.  Ing.,  v.  52,  pt.  1,  pp.  521-29. 

"Application  des  Lois  de  la  Similitude  a  la 
Propagation  des  Deflagrations"  (Application 
of  the  Laws  of  Similitude  to  the  Propagation 
of  Deflagrations).  Compt.  Rend.,  v.  146,  pp. 
915-17. 

' '  Application  des  Lois  de  la  Similitude  a 
la  Propagation  des  Detonations"  (Applica- 
tion of  the  Laws  of  Similitude  to  the  Propa- 
gation of  Detonation).  Compt.  Rend.,  v.  146, 
pp.  954-56. 

"Reports  of  Committee  on  Gaseous  Explo- 
sions. ' '     Brit.  Assn.  Adv.  Sc. : 


Rep.  No. 

Year 

Source 

1 

1908 

v. 

78,  pp.  308-341 

2 

1909 

v. 

79,  pp.  247-70 

3 

1910 

V. 

80,  pp.  199-227 

4 

1911 

V. 

81,  pp.  130-31 

5 

1912 

V. 

82,  pp.  192-204 

6 

1913 

v. 

83,  pp.  166-68 

7 

1914 

V. 

84,  pp.  177-200 

8 

1915 

V. 

85,  pp.  158-59 

9 

1916 

V. 

86,  p.  292. 

W.  E.  Dalby 

and 
H.  Callendar 


"The  Temperature  of  the  Walls  of  a  Gas 
Engine  Cylinder. "  Eng.  (London),  v.  86,  pp. 
497-98. 

"Gaseous  Explosions.''  Eng.  (London),  v. 
86,  pp.  360-4  and  426-27. 

"Gaseous  Explosions.''  Eng.  (London),  v. 
86,  pp.  326-29. 

"Inflammation  Speeds  of  Explosive  Gas  Mix- 
tures."    Eng.   (London),  v.  86,  p.  279. 
"Explosion      and      Flameless      Combustion." 
Eng.   (London),  v.  86,  p.  311. 
"Measurement   of   Working    Fluid    Tempera 
tures. "     Proc.   Roy.   Soc,   Ser.  A,  v.   80,  pp. 
57-74. 
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128 

1908 

A.  Nagel 

"Versuche  iiber  die  Ziindgeschwindigkeit  Ex- 
plosiver  .  Gasgeinische "  (Researches  on  the 
Inflammation  Velocity  of  Explosive  Gas  Mix- 
tures).    Mitt.  u.  Forsch.,  v.  54,  pp.  1-42. 

129 

1909 

M.  Pier 

"Die  Spezifische  Warme  von  Argon,  Wasser- 
dampf,  Wasserstoff,  Stickstoff  bei  sehr  hohen 
Temperaturen "  (The  Specific  Heat  of  Argon, 
Hydrogen,  Oxygen,  and  Nitrogen  at  High 
Temperatures).  Zeit.  Electro.,  v.  15,  pp. 
536-42. 

130 

1909 

H.  B.  Dixon 

"The  Ignition  Temperature  of  Gases."   Chem. 

and 

News,  v.  9,  p.  139. 

H.  F.  Coward 

131 

1909 

F.  W.  Burstall 

"Indicating  of  Gas  Engines."  Proc.  Inst. 
M.  E.,  July,  1909.  pp.  785-801. 

132 

1909 

D.  Clerk 

"The  Gas,  Petrol,  and  Oil  Engine."  v.  1. 
(Pub.  by  John  Wiley  &  Sons,  New  York.) 

133 

1909 

H.  B.  Dixon 

"The  Ignition  Temperature  of  Gases."   Jour. 

and 

Chem.  Soc,  v.  95,  pp.  514-43. 

H.  F.  Coward 

134 

1910 

E.  Jouget 

"  Impossibilite  de  Certaines  Ondes  de  Choc 
et  Combustion"  (The  Impossibility  of  Cer- 
tain Impact  and  Combustion  Waves).  Compt, 
Rend.,  v.  150,  pp.  91-95. 

135 

1910 

M.  Fier 

' '  Specifische  Warme  und  Gasgleichgewichte 
nach  Explosionsversucher "  (Specific  Heats 
and  Gaseous  Equilibria  by  the  Explosion 
Method).  Zeit.  Elektro.,  v.  16,  pp.  897-903. 

136 

1910 

H.  B.  Dixon 

' '  The  Union  of  Hydrogen  and  Oxygen  in 
Flame."     Jour.  Chem.  Soc.,  v.  97,  pt.  1,  pp. 

661-77. 

137 

1910 

W.  A.  Bone 

"Report  on  Gaseous  Combustion."  Report 
of  Brit.  Assn.  Adv.  Sc,  v.  80,  pp.  469-505. 

138 

1911 

E.  P.  Perman 

"Limits    of    Explosibility    of    Gaseous    Mix- 

tures." Nature,,  v.  87,  p.  416. 
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139 


140 


141 


142 


143 


144 


146 


1911 


1912 


1912 


1912 


1912 


1912 


1  IT,  1913 


1913 


M.  J.  Bui 

and 

\i.  V.  Wheeler 

1j.  Taffanel 
and  Dautriche 


C.  W.  Askling 
and  E.  Roesler 


W.  M.  Thornton 


F.  J.  Brislee 


W.  T.  David 


I j.    Crussard 


L.    Crussard 


1  17         1913  E.  Jouget 


148         1913  E.  Jouget 


"The  Lower  Limit  of  Inflammation  of  Mix- 
tures of  the  Paraffin  Hydrocarbons  with  Air. ' 
Jour.  ('hem.  Soc,  V.  99,  pp.  2013-30. 

"Sur  la  Propagation  de  l'Onde  Explosive 
dans  les  Bolides"  (The  Propagation  of  the 
Explosion  Wave  in  Solids).  Compt.  Rend., 
v.  155,  pp.  1221  24. 

"internal  Combustion  Engines  and  Gas  Pro 
ducers."  pp.  265  69,  (Pub.  by  J.  B.  Lippin- 
cott  Co.) 

"The  Ignition  of  Gaseous  Mixtures  by  Mo- 
mentary Electric  Arcs."  Report  of  Brit. 
Assn.  Adv.  Sc,  v.  82,  p.  564.     ' 

"An  Introduction  to  the  Study  of  Fuel." 
Chap.  12.     (New  York,  1912). 

"Radiation  in  Explosions  of  Coal-Gas  and 
Air."  Phil.  Trans.  Roy.  Soc.,  Ser.  A.,  v.  211, 
pp.   375-410. 

"Sur  la  Deformation  des  Ondes  dans  la  Gaz 
et  les  Interferences  Finites"  (The  1  Vienna 
tion  of  Waves  in  Gases,  and  Finite  Interfer- 
ences).    Compt.  Rend.,  v.  156,  pp.  447-50. 

"La  Propagation  et  1 'Alteration  des  Ondes 
de  Choc"  (The  Propagation  and  Alteration  of 
Impact  Waves).  Compt.  Rend.,  v.  156,  pp. 
611-13. 

••Sur  la    Propagation  des   Deflagrations  dans 
les    Melanges   Gazeux"    (The    Propagation   of 
Deflagration   in   Gaseous   Mixtures).      Com  pi 
Rend.,  v.  156,  pp.  872  75. 

"Sur  la  Propagation  des  Deflagrations  e1  sur 
les  Limites  d 'Inflammability "  (The  Propa- 
gation of  Deflagration  and  the  Limits  of 
[nflammability) .  Compt.  Rend.,  v.  156,  pp. 
1058-61. 
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149         1913 


150         1913 


151         1913 


152         1913 


153 

1913 

154 

1913 

155 

1914 

156 

1914 

157 

1914 

158 

1914 

159 

1914 

E.  Jouget  |    "  Sur  quelques  Proprietes  des  Ondes  de  Choc  " 

(On  Certain  Properties  of  Impact  Waves). 
Compt.  Eend.,  v.  157,  pp.  545-47. 

L.  Taff  anel  ' '  Sur  ^a  Combustion   des  Melanges  Gazeux ' ' 

and  Le  Floch  (The  Combustion  of  Gaseous  Mixtures). 
Compt.  Bend.,  v.  157,  pp.  595-97. 

L.  Taffanel  "Sur  la  Combustion  des  Melanges  Gazeux  et 

and  Le  Floch  la  Vitesse  de  Beaction"   (The  Combustion  of 

Gaseous  Mixtures  and  the  Velocity  of  Reac- 
tion). Compt.  Eend.,  v.  157,  pp.  714-17. 

W.T.David  "  Thermal  Badiation  from  Hot  Gases. "    Phil. 

I    Mag.,  Ser.  6,  v.  25,  pp.  256-70. 

Coker  and  j    "Cyclical  Changes  of  Temperature  in  a  Gas 

Scoble  Engine  Cylinder."     Proc.  Inst.  C.  E.,  v.  196, 

pp.  1-74. 

J.  K.  Clement  ' '  The  Influence  of  Inert  Gases  on  Inflammable 
Gas  Mixtures. ' '  Tech.  Paper  43,  U.  S.  Bureau 
of  Mines. 

L.    Crussard  "Limites  de  Inflammabilite  et  Eetard  Speci- 

fique  d 'Inflammation ' '  (Limits  of  Inflamma- 
bilty  and  Specific  Eetardation  of  Inflamma- 
tion).   Compt.  Eend.,  v.  158,  pp.  340-43. 

L.    Crussard        •    ' '  Les  Deflagration  en  Eegime  Permanent  dans 
i    les  Milieux  Conducteurs"   (The  Deflagrations 
and  Permanent  State  in  Conducting  Mediums). 
!    Compt.  Eend.,  v.  158,  pp.  125-28. 

W.  M.Thornton  i  "The  Ignition  of  Gases  by  Condenser  Dis- 
charge Sparks."  Proc.  Eoy.  Soc,  Ser.  A, 
v.  91,  pp.  17-22. 

E.  Terres  ' '  Uber    den    Einfluss    des    Druckes    auf    die 
and  F.  Plenz          Vim- brennung  Explosiver  Gas-Luf  tmischungen  " 

(The  Influence  of  Pressure  on  the  Burning  of 
Explosive  Gas-Air  Mixtures).  Jour,  fiir 
Gasbel.,  v.  57,  pp.  990-95,  1001-007,  1016-19, 
and  1025-27. 

H.  F.  Coward        "The   Dilution   Limits   of   Inflammability   of 
and  Gaseous    Mixtures."      Jour.    Chem.    Soc,    v. 

F.  Brinsley         ,    105,  pp.   1859-85. 
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160 

1914 

M.   LePrince- 

"Sur     les     Limites     de     Inflammability     du 

Etinguel 

Grisou"  (The  Limits  of  Inflammability  of 
Firedamp).    Compt.  Rend.,  v.  158,  p.  1793. 

161 

1914 

M.  J.  Burgess 

' '  The  Limits  of  Inflammability  of  Mixtures  of 

and 

Methane    and    Air."      Jour.    Chem.    Soc.,    v. 

R.  V.  Wheeler 

105,  pp.  2591-96. 

162 

1914 

Biluehowski 

"Explosion  Points  of  Natural  Gas  Mixtures." 

and 

Jour.  A.  S.  M.  E.,  v.  36,  pp.  74-»5. 

Lahocinski 

163 

1914 

R.  V.  Wheeler 

' '  The  Propagation  of  Flame  in  Mixtures  of 
Methane  and  Air."  Jour.  Chem.  Soe.,  v.  105, 
pp.   2606-13. 

164 

1914 

R.  V.  Wheeler 

"The  Propagation  of  Flame  in  Mixtures  of 
Methane,  Oxygen,  and  Nitrogen. ' '  Jour. 
Chem.  Soc,  v.  105,  pt.  2,  pp.  2596-2606. 

165 

1914 

W.  M.  Thornton 

' '  The  Lost  Pressure  in  Gaseous  Explosions. ' ' 
Phil.  Mag.,  Ser.  6,  v.  28,  p.  18. 

Kit) 

1914 

W.  M.Thornton 

"The  Lost  Pressure  in  Gaseous  Explosions." 
Report  of  Brit.  Assn.  Adv.  Sc,  v.  84,  pp. 
513-14. 

167 

1915 

W.   Nernst 

"Zur  Registrierung  Schnell  verlaufender 
Druekanderungen "  (The  Registering  of  Rapid 
Pressure  Variations).  Sitz.  Akad.  Wiss., 
Berlin,  v.  35,  pp.  896-901. 

168 

1915 

G.  A.  Burrell 

"  The   Limits  of  Inflammability   of    Mixtures 

and 

of  Methane  and  Air."     Tech.  Paper   11!',   U. 

G.   G.   Oberfell 

S.  Bureau  of  Mines. 

169 

1915 

W.  M.  Thornton 

"Relation  Between  Gas  and  Pole  in  the  Elec- 
trical Ignition  of  Gaseous  Mixtures."  Proc 
Roy.  Soe.,  Ser.  A,  v.  92,  p.  9. 

170 

1915 

W.   T.  David 

"The   Total   Radiation   from   Gaseous   Explo 
sions."     Phil.  Mag.,  Ser.  6,  v.  30,  p.  583. 

171 

1915 

W.  M.Thornton 

' '  The   Total   Radiation   from   Gaseous   Explo- 

sions."    Phil.  Mag.,  Ser.  6,  v.  30,  p.  383. 
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Year 


1915 


L915 


1916 


1916 


1916 


1916 


1917 


1917 


1917 


1917 


1917 


Author 


W.  A.  Bone 
and    others 


W.  M.  Thornton 

A.  W.  Judge 
J.  D.  Morgan 


G.  A.  Bnrrell 

and 
I.W.Eobertson 

R,  S.  Kins 


W.  M.Thornton 


W.  M.Thornton 


Title  and  Reference 


1917  M.  Camillerap 


R,  Wright 
R.  Becker 

J.  McDavid 


' '  Combustion  of  Gases  at  High  Pressures. ' ' 
Phil.  Trans.  Roy.  Soc.,  Ser.  A,  v.  215,  pp. 
278-318.   • 

' '  The  Ignition  of  Gases  by  Impulsive  Electric 
Discharge."  Proc.  Roy.  Soc,  Ser.  A,  v.  92, 
pp.   381-401. 

' '  High  Speed  Internal  Combustion  Engines. ' ' 
(Pub.  by  Whitaker  &  Co.,  New  York.) 

' '  Ignition  of  Explosive  Gaseous  Mixtures  by 
Electric  Sparks."  Jour.  Inst.  Elect.  Eng., 
v.  54,  p.  196.     Also  Jour.  A.  S.  M.  E.,  v.  39, 

p.  87. 

' '  Effects  of  Temperature  and  Pressure  on 
the  Explosibility  of  Methane-Air  Mixtures ' ' 
Tech.  Paper  121,  U.  S.  Bureau  of  Mines. 

' '  The  Explosion  Period  in  Gas  Engines. ' ' 
Power,  v.  43,  pp.  48-49. 

' '  The  Limits  of  Inflammability  of  Gaseous 
Mixtures."    A.  S.  M.  E.,  Jour.,  v.  39,  p.  347. 

' '  The  Limits  of  Inflammability  of  Gaseous 
Mixtures."  Phil.  Mag.,  Ser.  6.  v.  33,  pp. 
190-96. 

' '  Application  de  1  'Oscillographe  a  1  'Etude 
des  Moteurs  a,  Explosion"  (The  Use  of  the 
Oscillograph  in  the  Study  of  the  Internal 
Combustion  Engine) .  Revue  Gen.  Elect.,  v.  1, 
pp.   643-44. 

' '  Spark  Length  in  Various  Gases  and  Va- 
pors."    Jour.  Chem.  Soc,  v.  Ill,  pp.  643-49. 

"Zur  Theorie  der  Detonation"  (The  Theory 
of  Detonation).  Zeit.  Elektro.,  v.  23,  pp. 
40-49. 

' '  The  Temperature  of  Ignition  of  Gaseous 
Mixtures."  Jour.  Chem.  Soc,  v.  Ill,  pt.  2, 
pp.  1003-1015. 
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184 

1917 

' '  The  Limits  of  Inflammability  of  Gaseous 
Mixtures."  Engineering  Survey,  Jour.  A.  S. 
M.  E.,  v.  39,  p.  347. 

185 

1917 

"A  Study  of  Times  of  Explosions  of  Natural 
Gas."  Notes  from  the  Engineering  Colleges, 
Jour.  A.  S.  M.  E.,  v.  39,  pp.  728-30. 

186 

1917 

R.  V.  Wheeler 

"Stepped  Ignition."  Jour.  Chem.  Soc.,  v. 
Ill,  pp.  130-38. 

187 

1917 

R,  V.  Wheeler 

' '  The  Propagation  of  Flames  in  Mixtures  of 

and 

Acetone  and  Air."     Jour.  Chem.  Soc.,  v.  Ill, 

A.  Whitaker 

pp.  267-72. 

188 

1917 

R.  V.  Wheeler 

' '  The  Influence  of  Pressure  on  the  Ignition 
of  a  Mixture  of  Methane  and  Air  by  the 
Impulsive  Electrical  Discharge."  Jour.  Chem. 
Soc,   v.   Ill,  pp.   411-13. 

189 

1917 

Haward  and 

' '  Movement  of  Flame  in  Acetylene-Air  Mix- 

Sastry 

tures. "     Jour.  Chem.  Soc.,  v.  Ill,  p.  841. 

190 

1918 

R.  V.  Wheeler 

"Inflammation  of  Mixtures  of  Methane  and 
Air  in  a  Closed  Vessel."  Jour.  Chem.  Soc, 
v.  113,  pp.  840-59. 

191 

1918 

W.  Mason  ami 

'  •  The    Effect    of    Temperature    and    Pressure 

R.  V.  Wheeler 

on  Inflammable  Mixtures  of  Methane  and 
Air."     Jour.   Chem.   Soc,   v.   113,  pp.   45-57. 

192 

1919 

W.  M.Thornton 

• 

"The  Ignition  of  Gases  by  Hot  Wires." 
Phil.  Mag.,  Ser.  6,  v.  38,  pp.  613-33. 

193 

1919 

C.  C.  Patterson 

"Some    Characteristics    of    the    Spark    Dis- 

and 

charge  and   Its   Effect   in  Igniting  Explosive 

N.  Campbell 

Mixtures."  Proc  London  Phys.  Soc,  v.  31, 
pp.  168-228. 

194 

1919 

W.  T.  David 

' '  Factors  Limiting  the  Maximum  Pressure 
Developed  in  Gaseous  Explosions."  Eng. 
(London),  v.  108,  pp.  251-52. 

195 

1919 

J.  D.  Morgan 

"Flame  Velocity  in  Inflammable  Gases." 
Eng.   (London),  v.  108,  pp.  335-36. 

A  STUDY   OP   EXPLOSIONS   OP   GASEOUS    MIXTURES 


95 


No. 


Year 


Author 


Title  and  Eeperence 


196 


1919 


197        1919 


198 


1919 


199         1919 


200         1919 


201 


1919 


202         1919 


203 


204 


205 


1919 


1919 


1919 


W.  T.  David 


H.  F.  Coward 

and 
F.  Brinsley 

11.  Muraour 


E.  Jouget 

and 
L.  Crussard 

A.   S.  White 

and 
T.  W.  Price 


Coward, 
Carpenter  and 
Payman 

R.  V.  Wheeler 


J.  D.  Morgan 


W.    Mason 

and 
R.  V.  Wheeler 

Wm.  Payman 

and 
R.  V.  Wheeler 


"The  Effect  of  Carbon  Dioxide  when  Present 
in  Inflammable  Gaseous  Mixtures  on  Explo- 
sion Phenomena."  Eng.  (London),  v.  108, 
pp.  300-2. 

' '  The  Dilution  Limits  of  Inflammability  of 
Gaseous  Mixtures. ' '  Jour.  Chem.  Soc,  v. 
105,  pt.  2,  pp.  1859-85. 

' '  Sur  la  Determination  des  Temperatures  at- 
teintes  dans  les  Reactions  Explosive"  (The 
Determination  of  the  Temperatures  attained 
in  Explosive  Reactions).  Compt.  Rend.,  v. 
168,  pp.  995-97. 

"Sur  la  Celerite  des  Deflagrations"  (The 
Speed  of  Deflagrations).  Compt.  Rend.,  v. 
16S,  pp.  820-22. 

"The  Ignition  of  Ether -Alcohol- Air  and 
Acetone-Air  Mixtures  in  Contact  with  Heated 
Surfaces."  Jour.  Chem.  Soc,  v.  115,  pt.  2, 
pp.  1436-1505. 

"The  Dilution  Limits  of  Inflammability  of 
Gaseous  Mixtures."  Jour.  Chem.  Soc,  v. 
115,  pt.  1,  pp.  27-36. 

"Inflammation  of  Mixtures  of  Ethane  and 
Air  in  a  Closed  Vessel.  The  Effects  of  Tur- 
bulence. ' '  Jour.  Chem.  Soc,  v.  115,  pt.  1, 
pp.  81-94. 

"The  Ignition  of  Explosive  Gases  by  Electric 
Sparks."  Jour.  Chem.  Soc,  v.  115,  pt.  1, 
pp.  94-104. 

"The  Propagation  of  Flame  in  Mixtures  of 
Acetylene  and  Air."  Jour.  Chem.  Soc,  v. 
115,  pt.  1,  pp.  578-87. 

"The  Propagation  of  Flame  through  Tubes 
of  Small  Diameter."  Jour.  Chem.  Soc,  v. 
115,  pt.  1,  pp.  656-66. 
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206 

1919 

Win.  Payman 

"Flame  Propagation  in  Complex  Gas  Mix- 
tures." Jour.  Chem.  Soc,  v.  115,  pt.  2,  pp. 
1436-62. 

207 

1919 

P.  M.  Heldt 

' '  A  New  Method  of  Determining  Rate  of 
Flame  Propagation."  Aut.  Ind.,  June  12, 
1919. 

208 

1919 

W.  T.  David 

"The  Origin  of  Radiation  in  Gaseous  Explo 
sions. ' '     Phil.  Mag.,  Ser.  6,  v.  38,  pp.  492-94. 

209 

1920 

W.  T.  David 

' '  The  Calculation  of  Radiation  Emitted  in 
Gaseous  Explosions  from  the  Pressure-Time 
Curve."     Phil.  Mag.,  Ser.  6,  v.  39,  pp.  66-83. 

210 

1920 

W.  T.  David 

"An  Analysis  of  the  Radiation  Emitted  in 
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AN  INVESTIGATION   OF   THE  PROPERTIES   OF 
CHILLED   IRON   CAR  WHEELS 

PART  II.     WHEEL  FIT,  STATIC  LOAD,  AND  FLANGE 

PRESSURE    STRAINS  — ULTIMATE    STRENGTH 

OF  FLANGE 

T.     Introduction 

1.  Preliminary  Statement.-  This  bulletin  presents  two  addi- 
tional phases  of  the  investigation  of  the  properties  of  chilled  iron  car 
wheels  conducted  at  the  University  of  Illinois.  This  investigation  had 
for  its  object  the  determination  of  the  strains  which  may  occur  within 
a  car  wheel  and  the  limitations  of  present  designs,  with  the  view  of 
improving  the  chilled  iron  car  wheel  and  making  it  more  satisfactory 
under  present  and  future  service  requirements.  The  work  was  done 
under  a  cooperative  agreement  between  the  Association  of  Manu- 
facturers of  Chilled  Car  Wheels  and  the  Engineering  Experiment 
Station  of  the  University  of  Illinois. 

2.  Scope  of  Tests.— A  previous  bulletin*  dealt  with  the  strains 
in  chilled  iron  car  wheels  caused  by  forcing  the  wheel  upon  its  axle 
and  then  applying  a  static  load. 

The  first  part  of  the  present  bulletin  contains  a  report  of  an  ex- 
tension of  the  tests  previously  reported  in  Bulletin  No.  129  and 
discusses  the  strains  existing  in  a  33-inch  840-pound  Arch  Plate  Wheelf 
when  subjected  to  the  combined  effect  of  mounting,  static  load,  and 
side  thrust  pressures;  the  remainder  of  the  bulletin  deals  with  a 
series  of  tests  made  to  determine  the  ultimate  strength  of  the  car 
wheel  flange.  This  latter  series  of  tests  is  concerned  with  33  wheels 
having  flanges  of  various  shapes  and  includes  specimens  representative 
of  both  new  and  worn  wheels.    Among  them  will  be  found  wheels  with 


*  "An  Investigation  of  the  Properties  of  Chilled  Iron  Car  Wheels,  Part  I :  Wheel  Fit 
and  Static  Load  Strains,"  by  J.  M.  Snodgrass  and  F.  H.  Guldner.  Univ.  of  111.  Eng.  Exp.  Sta. 
Bui.  129,  1922. 

t  For  description  of  Arch  Plate  Wheel  see,  "An  Investigation  of  the  Properties  of 
•"hilled  Iron  Car  Wheels,  Part  I:  Wheel  Fit  and  Static  Load  Strains,"  by  J.  M.  Snodgrass 
and  F    H.   Guldner.      Ohiv.   of  Til     Eng.    Exp.   Sta.   Bui.    129.   Appendix   A,   pp.   75  77,    1022. 
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the  standard  contour  recommended  by  the  Master  Car  Builders'  Asso- 
ciation, and  others  with  the  flange  suggested  by  the  Association  of 
Manufacturers  of  Chilled  Car  Wheels  to  replace  the  present  M.  C.  B. 
standard  flange.*  In  addition  there  are  wheels  with  flanges  ground 
to  represent  various  stages  of  wear  and  also  two  wheels  which  were 
worn  out  in  service. 

3.  Acknowledgments. — The  agreement,  under  which  the  investi- 
gation of  the  properties  of  chilled  iron  car  wheels,  of  which  this 
bulletin  constitutes  a  partial  report,  was  carried  on,  essentially 
provided  that  the  Association  of  Manufacturers  of  Chilled  Car  Wheels 
furnish  funds  to  defray  the  expenses  incident  to  carrying  on  the 
investigation,  while  the  Engineering  Experiment  Si  at  ion  of  the  Uni- 
versity of  Illinois  conduct  the  research,  provide  the  use  of  available 
laboratories,  shops  and  office  facilities,  and  publish  a  report  of  the 
results.  Bulletin  No.  12!>f  presents  the  form  of  the  agreement  under 
which  the  work  was  carried  out. 

The  Association  of  Manufacturers  of  ('hided  Car  Wheels 
appointed  George  W.  Lyndon  and  P.  K.  Vial,  President  and  Con- 
sulting Engineer,  respectively,  of  the  Association,  as  a  committee  to 
assist  in  promoting  the  investigation.  In  addition  to  the  financial  help 
given  by  the  Association,  the  investigation  owes  much  to  the  assistance 
rendered  by  this  committee  in  the  way  of  technical  advice,  helpful 
interest,  and  effective  cooperation  throughout  the  progress  of  the  work. 
The  Engineering  Experiment  Station  of  the  University  of  Illinois 
appointed  Edward  C.  Schmidt,  Professor  of  Railway  Engineering, 
and  Arthur  N.  Talbot,  Professor  of  Municipal  and  Sanitary  Engi- 
neering, as  a  committee  in  charge  of  the  investigation.  Professor 
Schmidt  withdrew  from  the  University  to  enter  the  United  States 
Military  Service  during  the  late  war,  and  was  replaced  on  this  com- 
mittee  by   John    M.    Snodgrass,    Professor   of    Railway    Mechanical 


*  Some  years  ago  the  A  ocial  "■  of  Manufacturers  of  ('hilled  Car  Wheels  bu( 
that  the  Master  Car  Builders'  Association  increase  the  thickness  <>f  the  flange  by  adding  3/16 
inches  of  metal  (about  15  lb.)  to  the  inner  side  of  the  flange  so  as  to  increase  its  strength 
in  order  to  care  for  increasing  wheel  loads.  To  date  the  Master  Car  Builders'  Association 
has  not  admitted  the  desirability  of  or  the  necessity  for  increasing  the  thickness  of  the 
flange. 

t  "An  Investigation  of  the  Properties  of  chilled  Iron  Car  Wheels,  Part  I:  Wheel 
Fit  and  Static  Load  Strains,"  by  .1.  M.  Snodgrass  and  F.  H.  Guldner.  Univ.  of  111.  Eng. 
Exp.  Sta.  Bui.  129,   1922. 
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Engineering.  In  the  direction  of  the  investigation  this  committee  has 
had  frequent  conferences  with  the  committee  of  the  Association  of 
Manufacturers  of  Chilled  Car  "Wheels. 

The  greater  part  of  the  experimental  work  was  carried  on  by 
P.  H.  Guldner,  who  became  connected  with  the  work  a  few  months 
after  its  inception.  R.  E.  Turley  and  0.  S.  Beyer,  Jr.,  both  of  whom 
were  connected  with  the  experimental  work  during  the  earlier  part 
of  the  investigation,  did  much  in  the  way  of  developing  methods, 
making  some  early  tests,  and  getting  the  work  under  way.  The  com- 
mittees are  further  indebted  to  H.  F.  Moore,  Professor  of  Engineering 
Materials  at  the  University  of  Illinois,  for  his  assistance  and  advice 
upon  various  matters  relating  to  the  investigation. 
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II.     General  Statement  of  Flange  Problem 

4.  Causes  and  Magnitude  of  Fhiinj>  Pressure. — When  a  train  is 
traveling  on  a  tangent  track  the  flanges  of  the  wheels,  due  to  lateral 
oscillation  of  the  train,  strike  against  the  rails  alternately  on  one  side 
and  the  other ;  when  the  train  is  traveling  on  •  a  curved  track,  the 
wheel  flanges  are  forced  against  either  the  inner  or  outer  rail  depend- 
ing on  the  speed  and  the  amount  of  superelevation  of  the  outer  rail. 
In  both  cases  the  car  wheel  flanges  in  contact  with  the  rail  are  factors 
in  transmitting  the  various  forces  set  up  within  the  car  to  the  rail. 
In  general,  since  the  flange  pressures  produced  in  traversing  curves 
are  the  more  severe,  the  pressures  arising  on  tangent  track  need  nut  lie 
considered.  The  flange  by  functioning  in  this  manner  is  the  primary 
cause  of  the  following  effects  in  the  wheel  itself;  First,  the  pressure 
or  force  between  rail  and  flange  sets  up  internal  strains  and  stresses 
within  the  body  of  the  wheel ;  in  the  case  of  a  wheel  subjected  to  severe 
operating  conditions  the  internal  stresses  may  result  in  the  failure  of 
the  wheel.  Second,  the  pressure  between  rail  and  flange  coupled  with 
the  rotation  and  sliding  of  the  wheel  on  the  rail  results  in  a  grinding 
or  wearing  action  and  in  the  consequent  reduction  in  area  and  strength 
of  the  flange.  Third,  the  rail  pressure,  when  of  sufficient  magnitude, 
and  if  acting  on  a  flange  materially  worn,  may  cause  the  failure  of  the 
flange. 

The  problem  of  calculating  the  force  between  rail  and  flange 
under  various  conditions  is  an  intricate  one  and  cannot  be  readily 
solved  as  a  problem  in  mechanics  on  account  of  the  many  variables 
involved.  An  approximate  method  of  estimating  the  flange  pressure, 
however,  has  been  suggested  by  A.  M.  Wellington*  and  F.  K.  Vial,t 
who  state,  briefly,  that  maximum  flange  pressure  may  equal  one  and 
one-half  times  the  static  load  on  the  wheel.  The  use  of  this  method 
probably  gives  higher  values  of  flange  pressure  than  would  be  attained 
in  service  and  thus  errs  on  the  side  of  safety.    Experimental  methods 


*  Wellington,  A.  M.  "The  Economic  Theory  of  Railway  Location."  6th  Edition,  page 
281,  1911. 

t  "A  General  Survey  of  the  Mechanics  of  the  Chilled  Iron  Wheel."  Geo.  W.  Lyndon 
and  F.  K.  Vial,    Proc.   Pittsburgh  Railway  Olnb,  page  25,  May  25,  1r0  7. 


THE    PROPERTIES    OF    CHILLED    IRON    CAR    WHEELS  13 

have  also  been  tried  to  determine  flange  pressures.  An  examination 
of  the  experimental  methods  used  indicates  that  although  flange 
pressures  were  measured,  no  evidence  exists  that  they  were  the 
maximum  pressures  that  would  be  encountered  under  the  test  condi- 
tions. Until  more  definite  methods  are  devised  it  seems  that  the 
Wellington-Vial  method  of  estimating  flange  pressure  is  the  most 
satisfactory  at  present  available. 

As  no  satisfactory  analysis  has  as  yet  been  made  of  the  strength  of 
the  wheel  flange  or  the  ability  of  the  plates  of  the  wheel  to  withstand 
internal  stress  due  to  flange  pressure,  recourse  must  be  had  to  ex- 
perimental methods  to  obtain  information  with  respect  to  these 
particulars. 


]  1 
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III.     Apparatus  and  Methods  Used  in  Making  Tests  of  Combined 
Effect  of  Mounting,  Static  Load,  and  Flange  Pressure 

5.  Apparatus  Used  in  Determining  Strains. — The  equipment 
used  to  apply  the  loads  for  experimentally  determining  the  combined 
effect  of  wheel  fit,  static  load  and  flange  pressure  is  shown  in  Fig.  1. 
It  consisted  of  a  200-ton  hydraulic  jack  supported  on  rolls  which  in 
turn  were  supported  on  the  bed  of  a  600  000-lb.  testing  machine. 
Specially  made  castings  fastened  to  each  end  of  the  jack  had  hardened 
tool  steel  blocks  inserted  near  their  ends,  the  upper  sides  of  these 
blocks  having  contours  similar  to  the  head  of  a  rail.  A  pair  of  wheels 
previously  mounted  on  an  axle  rested  on  these  steel  blocks.    By  means 


Sfof/c  Load- 
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*>.. . 


Spher/ca/  B/ock 


Beam 


Cast  /ron  B/ock 


Ax/& 


Too/  Sfee/  B/ocks 
/-/c/c/rc7L///c  Jack 


Fig.  1.     Method  of  Applying  Static  Load  and  Flange  Pressure 
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of  a  block  with  a  spherical  seat,  a  beam,  find  two  cast  iron  blocks  resting 
on  the  axle,  as  shown  in  the  figure,  the  static  load  was  transmitted  to 
the  axle,  thence  through  the  wheels  and  on  down  to  the  bed  of  the 
testing  machine.  After  a  static  load  of  the  desired  magnitude  had 
been  applied,  a  flange  pressure  of  the  desired  amount  was  obtained  by 
means  of  the  hydraulic  jack.  The  strains  due  to  the  various  combina- 
tions of  load  were  determined  by  means  of  a  Berry  strain-gage. 

6.  Preparation  and  Method  of  Testing. — One  33-in.  840-lb. 
A icli  Plate  wheel  was  tested  for  the  combined  effect  of  wheel  fit. 
static  load,  and  flange  pressure.  The  wheel  was  prepared  with  2-in. 
gage-lines  as  shown  in  Fig.  2.  The  gage-lines  were  numbered  from 
hub  to  tread;  the  numerals  were  suffixed  with  either  R  or  T,  signifying 
that  the  gage-line  was  in  a  radial  or  tangential  direction  respectively. 
The  initial  or  before-load  readings  were  taken  with  the  strain-gage. 
The  wheel  was  then  pressed  on  the  axle  and  a  second  set  of  strain-gage 
readings  obtained.  As  previously  explained*  the  difference  between 
the  initial  readings  and  those  taken  after  mounting  are  the  strains 
produced  by  mounting  the  wheel  on  its  axle.  After  the  strains  caused 
by  the  wheel  fit  had  been  thus  determined,  a  second  wheel  was  pressed 
on  the  axle  to  serve  as  a  dummy  in  the  application  of  additional  loads. 
The  two  wheels,  the  hydraulic  jack,  and  the  remainder  of  the  apparatus 
were  then  assembled  in  the  testing  machine  as  shown  in  Fig.  1. 
A  net  static  load  of  P5  050  lb.  was  applied  to  the  840-lb.  Arch  Plate 
wheel  and  a  third  series  of  strain  readings  taken.  The  differences 
between  these  readings  and  the  initial  readings  represent  the  strains 
due  to  the  combined  effect  of  wheel  fit  and  a  13  050-lb.  static  load.  In  a 
similar  way  the  effect  of  wheel  fit  and  a  25  450-lb.  static  load  was 
determined.  A  side  thrust  of  8000  lb.  was  then  added  by  means  of 
the  hydraulic  jack  and  a  fresh  set  of  strain-gage  readings  obtained. 
The  latter  measurements  represent  the  combined  effect  of  mounting, 
'25  450-lb.  static  load,  and  8000-lb.  flange  pressure.  Keeping  the  static 
load  equal  to  25  450  lb.,  additional  readings  were  taken  with  side 
thrusts  of  L6000  lb.  and  32  000  lb.  respectively.  It  seems  reason- 
able to  suppose  that  the  latter  conditions  of  load  do  not  differ  materi- 
ally from  the  normal  maximum  loading  that  might  occur  in  service,  and 

*  "An  Investigation  of  the  Properties  of  Chilled  Iron  Car  Wheels,  Pari  1 :  Wheel  Fit 
and  Static  Load  Strains,"  by  J.  M.  Snodgrass  and  F.  H.  Guldner.  Univ.  of  111.  Eng.  Exp. 
Sta.  Bui.  No.  129,  p.  33,  1922. 
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the  strains  in  the  wheel  would  therefore  approximate  those  that  would 
be  present  under  the  combination  of  normal  wheel  fit,  maximum  static, 
load,  and  maximum  flange  pressure. 

7.  Evaluation  of  Stresses  Existing  in  a  Loaded  Car  Wheel* — It 
is  evident  that  the  problem  of  the  car  wheel  under  load  is  one  of  com- 
pound stress;  that  is,  internal  stress  or  force  in  more  than  one  direc- 
tion. In  the  tests  herein  discussed  the  fundamental  data  are  measured 
deformations  or  strains  due  to  the  effect  of  more  than  one  stress  acting 
within  the  material ;  but  throughout  this  report  the  results  are  pre- 
sented and  discussed  as  computed  stresses,  the  term  stress  denoting 
the  internal  force  that  would  exist  in  the  material  if  subjected  to 
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Fig.  3.    Assumed  Mean  Stress-strain  Eelation  of  Chilled  Car  Wheel  Iron 


*  See  also  "An  Investigation  of  the  Properties  of  Chilled  Iron  Car  Wheels,  Part  I: 
Wheel  Fit  and  Static  Load  Strains,"  by  J.  M.  Snodgrass  and  F.  H.  Guldner.  Univ.  of  HI. 
Eng.  Exp.  Sta.  Bui.  No.   129,  pp.  15-29,  1922. 
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either  simple  tension  or  simple  compression,  and,  under  these  condi- 
tions, deformed  to  an  extent  equal  to  the  measured  strain.  In  order 
to  call  attention  to  this,  the  computed  stresses  are  often  expressed  as 
"corresponding  simple  stresses,"  or  in  other  words  this  term  and 
stress  have  identical  meanings  herein. 

The  corresponding  simple  stress  is  not  the  real  stress  or  force  that 
would  be  used  in  the  calculation  of  the  equilibrium  of  the  forces.  Its 
use,  however,  will  give  the  reader  a  readier  method  of  comparison  than 
would  the  use  of  the  measured  strains.  The  computed  stresses  as 
presented  and  discussed  were  determined  from  the  measured  strains 
and  average  stress-strain  curves  plotted  from  tests  in  simple  tension 
and  compression  of  a  number  of  specimens  taken  from  a  chilled  iron 
wheel.  As  no  two  specimens  even  when  cut  from  the  same  wheel  give 
identical  stress-strain  relations,  and  as  it  would  obviously  be  impracti- 
cable to  cut  a  test  specimen  from  each  position  in  the  wheel  at  which 
strains  were  measured,  it  was  necessary  to  obtain  average  curves  which 
could  be  considered  as  fairly  representative  of  chilled  car  wheel  irons 
in  tension  and  compression,  respectively.  For  this  purpose,  13  speci- 
mens were  tested  in  simple  tension,  and  12  in  simple  compression. 
The  data  thus  obtained  were  averaged,  and  from  the  means  the  ten- 
sion and  compression  curves  shown  in  Fig.  3  were  drawn.  Those 
curves  are  assumed  to  be  representative  tensile  and  compressive  stress- 
strain  curves  for  chilled  wheel  iron  and  are  the  curves  upon  which 
the  stresses  hereinafter  given  are  based. 
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IV.    Kesults  of  Tests 

8.  Strains  and  Corresponding  Simple  Stresses  Due  to  Mounting 
Wheel  on  Axle. — The  pressure  required  to  mount  the  wheel  on  the  axle 
together  with  the  fit  allowance  is  given  in  Fig.  4. 

For  wheel  seat  diameters  of  6.5  and  7.0  inches  the  Master  Car 
Builders'  Association  recommends  final  mounting  pressures  ranging 
from  40  to  60  and  45  to  65  tons,  respectively.  For  a  6.75  inch  bore, 
by  interpolation,  the  recommended  pressure  range  would  be-  from  42.5 
to  62.5  tons.  To  keep  within  these  limits  the  manufacturers  ordinarily 
make  the  diameter  of  the  axle  at  the  wheel  seat  0.0105  to  0.0165  inches 
larger  than  the  bore  of  the  wheel.  In  this  particular  wheel  the  wheel 
seat  diameter  was  roughly  equal  to  6.75  inches,  and  the  allowance  was 
0.019  or  0.0025  inches  greater  than  the  manufacturers'  maximum, 
while  the  final  mounting  pressure  was  43.4  tons,  or  about  25  tons  less 
than  might  be  expected  from  this  fit  allowance.  A  possible  explana- 
tion of  this  difference  is  that  the  mounting  pressure  may  be  a  function 
of  the  speed  of  mounting. 

The  measured  strains  due  to  mounting  the  wheel  on  the  axle 
together  with  those  caused  by  mounting  in  combination  with  static 
load  and  flange  pressure  are  given  in  Table  1,  while  the  computed 
stresses  corresponding  thereto  are  plotted  in  Fig.  5. 
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On  the  outer  face  of  the  wheel  the  maximum  corresponding  simple 
tensile  stress  due  to  mounting  was  10  000  lb.  per  sq.  in.  and  was  in  a 
tangential  direction  at  the  bore.  As  the  distance  from  the  bore  in- 
creased, the  stresses  in  the  tangential  direction  decreased  up  to  the 
point  where  the  inner  and  outer  plates  join,  beyond  which  a  slight 
increase  occurred.  In  the  radial  direction  on  the  outer  face  the 
maximum  compressive  strain  due  to  mounting  corresponded  to  a 
simple  stress  of  11600  lb.  per  sq.  in.,  and  occurred  at  gage-line  4R. 
The  variation  in  the  magnitude  of  the  stresses  in  the  radial  direction 
clearly  indicated  the  presence  of  bending  in  addition  to  the  direct 
tli rust  due  to  mounting. 

The  maximum  tensile  strain  on  the  inner  face  due  to  mounting 
was  likewise  in  a  tangential  direction  at  the  bore,  and  corresponded 
to  a  simple  stress  of  18  400  lb.  per  sq.  in.  The  magnitude  of  the 
tensile  stresses  in  the  tangential  direction  decreased  as  the  distance 
from  the  bore  increased.  The  stresses  in  the  radial  direction  on  the 
inner  face  varied  from  9600  lb.  per  sq.  in.  compression  at  the  gage- 
line  nearest  the  bore  to  zero  between  gage-lines  3R  and  4R.  The  stress 
then  became  tensile  at  4R,  reaching  a  maximum  of  7000  lb.  per  sq.  in. 
at  5R,  beyond  which  the  tension  decreased  and  the  stress  again  became 
compressive  at  7R.  This  variation  in  stress  in  the  radial  lines  also 
indicated  the  presence  of  bending  in  addition  1o  the  direct  thrust  due 
to  mounting. 

9.  Strains  and  Corresponding  Simple  Stresses  Due  to  Combined 
Effect  of  Mounting  and  sin  tie  Load. — Reference  to  Table  1  and  Fig. 
5  shows  that  upon  the  application  of  a  13  050-lb.  static  load  the  tensile 
strains  on  the  outer  face  at  the  tangential  gage-lines  IT  to  4T  inclusive 
were  not  materially  different  from  those  caused  by  forcing  the  wheel 
on  the  axle.  The  effect  of  the  load  was  indicated,  however,  by  an  in- 
creased tension  at  tangential  gage-lines  5T  to  9T  inclusive.  In  the 
radial  direction  the  compressive  strains,  although  different  from  those 
caused  by  mounting,  were  relatively  small.  On  the  inner  face  the 
tensile  strains  at  the  tangential  gage-line..  IT  and  !T  inclusive  were 
somewhat  smaller  than  those  due  to  mounting  alone.  In  the  radial 
direction  the  compressive  strains  on  the  inner  face  were  also  of  small 
value. 

With  the  exception  of  those  at  gage-lines  5T  and  6T,  the  strains 
in  the  tangential  direction  on  the  outer  face,  due  to  the  combined 
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effect  of  mounting  and  a  25  450-lb.  static  load,  were  not  materially 
different  from  those  caused  by  mounting  alone.  At  5T  and  6T  the 
static  load  increased  the  corresponding  simple  stresses  5200  and  4600 
lb.  per  sq.  in.,  respectively.  At  the  remaining  tangential  gage-lines 
the  change  due  to  the  application  of  the  static  load  was  never  in  excess 
of  1300  lb.  per  sq.  in.  In  the  radial  direction  the  greatest  change 
occurred  at  gage -line  7R,  where  the  compression  was  increased  3800  lb. 
per  sq.  in.  On  the  inner  face  no  material  change  occurred  at  the 
tangential  gage-lines  due  to  the  application  of  the  25  450-lb.  static 
load.  The  stresses  at  the  radial  gage-lines,  however,  differed  con- 
siderably from  those  clue  to  mounting  alone.  The  most  significant 
change  was  at  radial  gage-line  5R,  at  which  the  tension  of  7000  lb.  per 
sq.  in.  due  to  mounting  was  increased  to  11  700  lb.  per  sq.  in.  by  the 
application  of  the  25  450-lb.  load.  This  increase,  however,  is  not  of 
serious  import  for  two  reasons :  first,  the  static  load  is  practically  the 
maximum  that  the  wheel  should  carry  and  second,  the  imposition  of 
flange  pressure  decreased  the  tension  until  at  32  000-lb.  flange  pressure 
a  compressive  stress  of  6300  lb.  per  sq.  in.  existed  at  that  gage-line. 

10.  Strains  and  Corresponding  Simple  Stresses  Due  to  Combined 
Effect  of  Mounting,  Static  Load,  and  Flange  Pressure. — The  combined 
effect  of  mounting,  25  450-lb.  static  load,  and  32  000-lb.  flange  pressure 
as  shown  by  Table  1  and  Fig.  5  produced  tension  at  all  gage-lines, 
both  radial  and  tangential,  on  the  outer  face  of  the  wheel,  except  2R, 
3R  and  9T.  The  significant  fact  is  that  the  combination  of  stress- 
producing  factors  produced  tension  in  the  radial  direction  from  4R  to 
9R.  Some  later  tests  showed  that  prolonged  brake  application  in  the 
case  of  the  Arch  Plate  type  of  wheel,  also  produced  tension  in  the 
radial  direction,  and  further,  that  the  maximum  tensile  stress  caused 
by  brake  application  may  be  expected  to  occur  in  the  region  4R  to  6R, 
or  near  the  junction  of  the  inner  and  outer  plates.  In  themselves  the 
stresses  here  noted  are  not  dangerous.  If,  however,  to  these  stresses 
there  is  added  the  effect  of  a  severe  and  prolonged  brake-shoe  applica- 
tion, the  stresses  might  become  of  such  magnitude  as  to  cause  incipient 
cracks  probably  leading  to  wheel  failure.  On  the  inner  face  of  the 
wheel  the  combined  effect  of  mounting,  static  load,  and  flange  pressure 
gave  rise  to  stresses  in  a  tangential  direction  practically  equal  to  those 
due  to  mounting  alone.     There   was   a   difference,   however,   in   the 
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distribution  of  the  stresses  in  the  radial  direction.  In  mounting,  the 
stresses  at  4R,  5R  and  6R  were  tensile,  but  these  were  changed  to 
compressive  stresses  by  the  addition  of  static  load  and  flange  pressure. 
The  compressive  stresses  found  at  the  radial  gage-lines  on  the  inner 
face  were  relatively  unimportant.  The  application  of  either  the  8  000- 
lb.  or  the  16  000-lb.  flange  pressure,  in  combination  with  the  25  450- 
lb.  static  load,  produced  an  effect  intermediate  between  that  due  to 
the  static  load  alone  and  that  due  to  the  combination  of  the  static  load 
with  the  32  000-lb.  flange  pressure. 

11.  Remarks  on  Tests. — The  compressive  stresses  found  for  the 
various  load  conditions  were  relatively  unimportant.  The  maximum 
corresponding  simple  tensile  stress  (18  400  lb.  per  sq.  in.)  was  due 
to  mounting  and  was  found  at  the  gage-lines  nearest  the  hub  on  the 
inner  face.  The  application  of  static  load  and  flange  pressure  did  not 
materially  affect  this  stress.  Stresses  of  such  high  magnitude  occurring 
in  the  hub  regions  are  generally  less  dangerous  than  stresses  of  lesser 
value  at  other  positions  in  the  wheel.  This  is  due  to  the  fact  that  the 
stress  in  the  hub  region  is  a  steady  one,  that  is,  the  material  is  not 
subjected  to  repeated  stress.  The  combined  effect  of  mounting  and 
the  application  of  a  maximum  static  load  and  a  flange  pressure  prob- 
ably in  excess  of  that  encountered  in  normal  wheel  service  was  found 
to  produce  tension  (with  a  few  minor  exceptions)  in  both  radial  and 
tangential  directions  on  the  outer  face  of  the  840-lb.  Arch  Plate  wheel. 
On  the  inner  face  over  the  region  investigated,  this  combination  of 
loading  was  found  to  produce  tension  at  the  tangential  and  compres- 
sion at  the  radial  gage-lines.  The  tensile  stresses  on  the  outer  face 
near  the  junction  of  the  inner  and  outer  plates  resulting  from  the 
application  of  maximum  static  load  and  flange  pressure  are  subject 
to  repetition  and  at  some  points  to  complete  reversal.  The  number 
of  such  reversals  of  stress  that  would  occur  in  tin1  normal  life  of  a 
wheel,  due  to  the  occurrence  of  a  sufficiently  high  flange  pressure 
caused  by  traversing  curves  of  small  enough  radius  at  high  enough 
speed,  is  relatively  small  compared  with  the  millions  of  reversals 
found  necessary  to  cause  failure  under  similar  conditions  in  investiga- 
tions of  repeated  stress.  Hence,  the  question  of  severity  of  stress  due 
to  the  combined  effect  of  mounting,  static  load,  and  flange  pressure 
may  be  considered  from  the  static  viewpoint  alone.    It  does  not  appear 
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that  the  stresses  due  to  this  combination  of  loading  are  severe  in  them- 
selves, but  if  these  stresses  are  increased  by  abuse  of  the  wheel,  through 
prolonged  brake  application,  they  might  become  large  enough  to  cause 
incipient  cracks  leading  to  wheel  failure. 
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V.     Determination  of  Ultimate  Strength  op  Flange  of 
Chilled  Iron  Car  Wheel 

12.  Apparatus  Used  in  Making  Test*  of  Ultimate  Strength  of 
Flanges.  -A  special  piece  of  testing  apparatus,  consisting  essentially 
of  a  steel  beam  built  up  of  channels  and  plates,  used  in  determining 
the  ultimate  strength  of  the  flanges  of  chilled  iron  car  wheels,  is  shown 
in  Ki^.  6.  This  beam  was  placed  on  the  weighing  table  of  a  (>()()  000- 
II).  testing  machine,  and  the  wheel  to  he  tested  was  supported  thereon, 
as  shown  in  Fig.  6,  at  opposite  points  on  a  diameter,  at  one  side  by 
a  piece  of  tool  steel  pressing  against  the  flange,  and  at  the  other  by  a 
semi-circular  piece  of  steel  supporting  the  tread.  The  location  of  the 
point  of  application  of  the  load  on  the  flange  could  be  varied  by  means 
of  a  block  and  wedge  applied  to  the  tread  at  a  point  diametrically 
opposite.  This  block  and  wedge  further  acted  to  take  the  horizontal 
pressure  component  due  to  the  angularity  of  the  flange  at  the  point  of 
load  applical  ion.  The  load  was  applied  to  the  wheel,  as  shown,  through 
a  block  with  a  spherical  seat.  From  three  to  six  tests  to  fracture  were 
made  on  each  wheel. 
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13.  Shapes  of  Flanges  Tested  and  Test  Conditions. — In  the  case 
of  a  number  of  the  wheels  tested  the  flanges  were  ground  to  represent 
various  stages  of  wear,  so  that  the  ultimate  strengths  determined  in 
these  cases  furnish  data  as  to  the  safety  of  wheels  similarly  worn  in 
service.  The  location  of  the  point  at  which  the  pressure  was  applied 
to  the  flange  was  also  varied,  and  thus  data  were  secured  applicable 
to  the  case  of  wheels  operating  on  improperly  maintained  track,  on 
which  the  flanges  may  strike  frogs,  switches,  etc.  The  various  contours 
of  the  flanges  tested,  and  for  each  case  the  point  of  application  of  the 
load,  the  component  of  the  ultimate  strength  of  the  flange  in  a  direc- 
tion parallel  to  the  bore,  and  the  direction  of  fracture  are  shown  in 
Figs.  7  to  40  inclusive.  The  dotted  lines  appearing  on  some  of  the 
figures  indicate  the  shape  of  the  section  between  two  adjacent  brackets 
and,  further,  that  the  break  occurred  in  the  region  of  a  bracket,  the 
actual  contour  at  the  point  of  fracture  being  shown  by  the  full  lines. 
The  tests  represented  by  Figs.  7  to  40  inclusive  were  made  with  a 
view  of  determining  to  what  extent  the  ultimate  strength  of  the  flange 
was  affected  by  variations  in  the  flange  thickness  and  the  position  at 
which  the  flange  pressure  was  applied.  Irregularities  occurred,  how- 
ever, in  the  results  of  these  tests  which  preclude  correct  deduction 
concerning  the  effect  of  flange  thickness.  The  irregularities  in  the 
results  were  caused  by  differences  in  the  various  wheels  with  respect 
to  depth  of  chill,  chemical  composition,  physical  properties  of  the 
metal,  etc.  In  order  to  obtain  information  of  value  regarding  the 
effect  of  additional  metal  in  the  flange  region,  an  attempt  was  made 
to  eliminate  these  differences  by  using  wheels  cast  from  special 
patterns,  in  which  one-half  of  the  circumference  had  the  standard 
M.  C.  B.  flange  and  the  other  half  had  additional  metal  on  the  inner 
face.  Three  types  of  wheels,  represented  by  Figs.  30  to  40  inclusive, 
were  thus  cast  and  from  these  the  effects  in  both  new  and  worn  wheels 
of,  first,  increasing  the  thickness  of  the  flange,  second,  increasing  the 
thickness  of  the  tread,  and,  third,  increasing  the  thickness  of  both 
flange  and  tread  simultaneously,  were  determined.  To  make  the  com- 
parisons still  more  direct  the  loads  were  in  every  case  applied  to  the 
flanges  of  these  specially  prepared  wheels  on  a  radius  midway  between 
the  points  where  two  adjacent  brackets  entered  the  tread,  thus  eliminat- 
ing as  far  as  possible  the  complex  effect  of  the  support  of  the  brackets, 
fn  addition,  the  flange  pressures  were  in  each  case  applied  at  identical 
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distances  below  the  tread,  thereby  removing  the  effect  of  difference  in 
the  moment  of  the  load.  Because  of  these  precautions  it  is  felt  that 
the  results  obtained  from  these  wheels  east  from  specially  prepared 
patterns  are  truly  representative. 
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VI.    Results  of  Tests 

14.  General  Remarks  on  'Tests. — A  wide  diversity  of  opinion 
prevails  as  to  the  magnitude  of  flange  pressures  and  their  importance. 
As  previously  explained,  attempts  to  calculate  accurately  the  flange 
pressures  occurring  in  service  are  unsatisfactory  on  account  of  the 
many  variables  which  enter  into  the  problem.  Therefore,  no  attempt 
has  been  made  to  estimate  factors  of  safety  for  the  various  sections 
broken.  Furthermore,  the  comparisons  made  herein  are"  confined  to 
flange  fractures  or  breaks  made  on  the  same  wheel  in  order  to  exclude 
as  far  as  possible  the  effect  of  outside  factors,  such  as  depth  of  chill, 
character  of  metal,  etc.  As  a  consequence  the  comparisons  given  may 
be  deemed  to  be  fairly  representative  of  the  factors  considered.  The 
results  of  these  tests  are  given  in  Figs.  7  to  40  inclusive,  which  are 
followed  by  Figs.  41  to  46  inclusive,  reproduced  from  photographs 
of  the  several  wheels  taken  after  the  breaking  of  the  flanges.  The 
photographic  views  are  presented  mainly  to  show  the  location,  with 
respect  to  the  brackets,  at  which  the  loads  were  applied.  They  also 
show  something  of  the  nature  and  shape  of  the  fracture  and  by  a 
study  of  them  the  approximate  size  of  the  piece  broken  out  £an  also 
be  estimated,  since  the  maximum  diameter  of  the  flange  is  35  inches. 
Since  the  flange  was  broken  at  several  places  on  each  wheel,  each 
fracture  was  given  an  identifying  number.  In  Figs.  7  to  40  this 
number  will  be  found  in  the  upper  left  hand  corner  of  each  of  the 
small  section  figures,  while  the  corresponding  numeral  appears  on  the 
photographic  view  in  the  vicinity  of  the  fracture. 

15.  Effect  of  Varying  Position  at  which  Pressure  Is  Applied  to 
Flange. — In  the  tests  illustrated  by  Figs.  7  to  27  inclusive,  and  photo- 
graphic Figs.  41  to  44  inclusive,  it  was  found  that,  in  general,  if 
the  side  thrusts  were  applied  to  the  flange  on  a  radius  midway  between 
the  points  at  which  two  adjacent  brackets  enter  the  tread,  the  flange 
pressure  necessary  to  produce  failure  in  the  case  of  a  wheel  with  worn 
flanges  was  an  inverse  function  of  the  distance  of  the  point  of  pressure 
application  from  the  tread;  that  is,  the  greater  the  distance  the  smaller 
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the  ultimate  strength  of  the  flange.    This  is  shown  in  Table  2  compiled 
from  results  taken  from  Fig.  17. 


Table  2 
Relation  Between  Point  of  Application  of  Load  and  Strength  of  Flange 

Wheel  No.  04  836 


Distance  of 

Pressure 

Thickness 

Point  of 

Ki-< niired  to 

Fracture 

of  Flange 

Application 

Cause 

No. 

in. 

Below  Tread 
in. 

Fracture 
lb. 

1 

1.22 

0.90 

30  400 

6 

1.26 

0.63 

36  300 

4 

1.29 

0.51 

48  600 

Table  3 
Relation  Between  Point  of  Application  of  Load  and  Strength  of  Flange 


Distance  of 

Pressure 

Thickness 

Point  of 

Required 

Wheel 

Fracture 

of  Flange 

Application 

to  Cause 

No. 

No. 

in. 

Below  Tread 
in. 

Fracture 
lb. 

04  476 

3 

1.49 

0.61 

86  3(H) 

5 

1.52 

0.49 

63  300 

942  682 

5 

1.76 

0.55 

95  600 

3 

1.71 

0.28 

79  000 

107  348* 

1 

1.53 

1.26 

109  600 

3 

1.63 

1.09 

90  500 

103  219 

2 

1.63 

0.82 

92  000 

4 

1.72 

0.60 

88  300 

*  After  having  fulfilled  the  guaranteed  mileage,  this  wheel  was  withdrawn  from  service, 
on  account  of  being  tread  worn.  The  flange  had  the  same  general  shape  as  that  of  a  new 
wheel. 

A  result  of  this  kind  was  to  be  expected  and  was  obtained  in  all 
the  tests  on  worn  wheels  in  which  the  thrust  was  applied  at  the  mid- 
position  between  two  adjacent  brackets.  The  condition  that  the  greater 
the  distance  from  tread  to  point  of  load  application,  the  less  the  ultim- 
ate strength  of  flange,  was  not  found  to  hold,  however,  in  the  case  of 
flanges  not  worn  or  only  slightly  worn  as  is  shown  in  Table  3  compiled 
from  results  taken  from  Figs.  19,  21,  23,  and  25. 
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Another  instance  in  which  the  inverse  relation  between  distance 
from  tread  and  ultimate  strength  was  found  not  to  hold  was  that 
where  the  pressure  was  applied  to  the  flange  on  the  same  radius  as 
that  on  which  a  bracket  enters  the  tread.  In  this  case  there  were 
present  in  the  results  certain  variations  which  indicated  a  complex 
supporting  effect  due  to  the  bracket, 


Fig.  27.     960-lb.  Arch  Plate  Wheel  No.  659  338  Broken  Through  Plate  by 

Flange  Pressure 


Under  ordinary  service  conditions  the  rail  pressure  is  applied  to 
the  flange  at  a  small  distance  below  the  tread  and  those  cases  of  frac- 
ture occurring  in  the  tests  in  which  the  load  was  applied  closest  to 
the  tread  are  most  representative  of  the  type  of  flange  failure  to  be 
expected  in  service.  Similarly,  the  ultimate  strengths  determined  in 
tests  where  the  load  was  close  to  the  tread  are  more  representative  of 
the  flange  strength  of  the  wheel  in  normal  service  than  those  found 
when  the  load  was  applied  farther  from  the  tread. 
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16.  Effect  of  Thickening  Flange. — In  Figs.  28  and  29  and  photo- 
graphic Figs.  44  and  45  are  shown  the  results  of  tests  made  on  two 
wheels  having  the  flange  proposed  by  the  Association  of  Manu- 
facturers of  Chilled  Car  Wheels  to  replace  the  present  type  of  flange.* 
In  both  wheels  the  throats  were  ground  to  represent  worn  flanges.  The 
tests  made  thereon  determined  the  ultimate  strength  when  the  load 
was  applied  at  various  points  on  the  flange  bnt.  as  already  stated,  on 
account  of  probable  differences  in  the  physical  properties  of  the  wheels, 
the  results  obtained  were  not  considered  as  conclusively  showing  the 
effeel  of  the  additional  metal.  To  show  this  effect  in  a  more  reliable 
manner  a  special  pattern  was  made  in  which  one-half  of  the  circum- 
ference had  the  present  standard  flange  and  the  other  half  had  the 
proposed  flange.  Six  wheels  of  this  type  were  cast.  <if  which  three 
were  tested  after  being  ground  to  represent  worn   flanges  and   three 


84. 500  /bs 


M.CB.  F/ange  as  casr 


Moa'/fied  F/ange  as  cost 


Pig.  36.    Sections   of   Car  Wheels   Showing    Pressure    Required  to  Break 
Flange;  Point  of  Load  Application;  Direction  of  Fracture;  and 
i  \tion  in  Ultimate  Strength  Due  To  Thickening  Tread. 
725  lb.  M.  C.  R.  Wheel  No.  15S  525.    Flange  as  Cast 
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were  tested  with  the  flanges  as  cast.  Figs.  30  to  35  inclusive  show 
the  test  conditions  and  results  on  wheels  prepared  in  this  manner.  As 
arranged  in  the  figures,  any  two  sections  on  a  horizontal  line  are 
directly  comparable  with  respect  to  difference  in  the  ultimate  strength 
existing  between  the  proposed  A.  M.  C.  C.  W.  and  the  standard  M.  C.  B. 
flanges.  In  the  figures  with  the'  cross-hatching  the  outer  line  of  the 
drawing  is  the  contour  of  the  proposed  A.  M.  C.  C.  W.  section  at  the 
point  where  the  pressure  was  applied,  while  the  inner  line  of  the  cross- 
hatching  shows  the  standard  M.  C.  B.  section.  The  wheel  sections  with- 
out cross-hatching  are  the  standard  M.  C.  B.  sections. 

Table  4  gives  results  taken  from  the  tests  represented  by  Figs. 
30  to  35  inclusive,  and  also  the  ratio  of  the  ultimate  strength  of 
the  proposed  A.  M.  C.  C.  \V.  flange  to  the  ultimate  strength  of  the 
standard  M.  C.  B.  flange. 

With  the  exception  of  the  first  wheel.  No.  158  505,  mentioned  in 
the  table,  the  proposed  flange  was  in  each  case  stronger  than  the  present 
standard  flange.     For  wheel  No.  158  505  the  outer  diameters  of  the 


Table  4 

Comparative  Strength  of  Standard  M.  C.  B.  Flange  and  Proposed 

A.  M.  C.  C.  W.  Flange 


Ultimate 

Distance  of 

Ultimate 

Strength  of 

Ratio  of 

Wheel 

Point  of  J 

Strength  of 

Proposed 

Strength 

No 

Application 

Standard 

\    M.  C  C  W. 

Proposed  to 

Below  Trea<l 

M.  C.  13.  Flange 

Flange 

St  :»ndard 

in. 

lb. 

lb. 

158  505 

0.40 

i  -,    00 

42  200 

0.93 

Worn    Flange* 

o.  io 

50  (KHI 

47  000 

0.93 

158  511 

n   12 

47  200 

52  300 

1.10 

(Worn  Flange) 

(I    12 

48  400 

54  800 

1    13 

132  648 

0.80 

35  800 

39  400 

1    Id 

(.Worn  Flange) 

0.32 

38  900 

76  500 

i .  m 

158  506 

i)  22 

75  800 

1 13  000 

1.49 

(.Flange  as  cast) 

0 .  l"-' 

88  200 

1 18  200 

1.34 

158  510 

0.23 

88  000 

115  200 

1.31 

(Flange  as  cast) 

0.23 

92  800 

1 19  800 

1.29 

132  649 

0.71 

54  900 

71  200 

1.35 

'Flange  as  cast) 

0 .  25 

74  900 

94  600 

1.26 
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flanges  in  the  contours  numbered  1,  2,  and  4  show  that  the  chiller 
had  not  been  concent  fie  with  the  mold  when  this  wheel  was  cast.  This 
eccentricity  resulted  in  increasing  the  thickness  of  the  tread  on  the 
half  having  the  standard  flange  and  decreasing  the  corresponding  thick- 
ness on  the  half  having  the  proposed  flange,  the  difference  in  thickness 
being  about  1  8  inch.  This  condition  is  evident  in  the  figures  showing 
breaks  Nos.  1  and  2  in  which  the  contour  lines  for  the  proposed  and 
the  standard  flanges  are  seen  to  intersect  on  the  under  side  of  the 
tread,  and  also  may  be  seen  by  a  study  of  the  shapes  of  the  tips  of 
the  flanges  in  the  figures  showing  fractures  Nos.  1,  2,  and  4.  A  study 
of  all  the  data  obtained  with  reference  to  the  ultimate  strength  of 
flanges  would  apparently  lead  to  the  conclusion  that  a  certain  relation 
or  ratio  between  the  thickness  of  the  tread  and  that  of  the  flange  can 
be  found  which  corresponds  to  a  maximum  flange  strength  for  a 
particular  thickness  of  flange  or  tread.  Assuming  the  existence  of  such 
a  relation,  it  follows  that  the  addition  of  metal  to  the  flange  or  tread 
alone,  but  not  to  both  flange  and  tread,  may  result  not  only  in  no 
further  increase  in  flange  strength  but  even  in  a  decreased  flange 
strength.  It  is  probable  that  the  greater  thickness  of  the  tread  of  that 
part  of  wheel  No.  158  505,  having  the  standard  flange,  accounts  for 
the  greater  ultimate  strength  of  the  flange  in  this  case,  in  that  the 
ratio  of  flange  to  tread  thickness  was  more  nearly  the  ideal  in  the  case 
of  the  standard  flange  portion  of  the  wheel  than  it  was  in  the  case  of 
the  proposed  flange  portion  of  the  wheel. 

If  on  account  of  the  unusual  flange  and  tread  proportions  due 
to  the  misplaced  chiller  the  data  for  wheel  No.  158  505  be  excluded  in 
considering  the  differences  between  the  standard  and  proposed  flanges, 
the  results  from  the  remaining  live  wheels  listed  in  the  table  show  the 
ultimate  strength  of  the  proposed  flange  to  be  from  10  per  cent  to 
96  per  cent  greater  than  that  of  the  standard  flange.  This  table  also 
shows  that  in  the  case  of  unworn  flanges  the  advantage  in  favor  of  the 
proposed  flange  ranges  from  26  per  cent  to  49  per  cent.  These  in- 
creases in  strength  were  obtained  by  the  addition  of  15  lb.  of  metal  to 
the  wheel.  Since  these  specially  prepared  wheels  were  east  from 
725-11).  M.  C.  B.  patterns,  the  added  metal  represented  2.1  per  cent  of 
the  weight  of  the  wheel.  From  this  it  may  be  concluded  that  2.1  per 
cent  of  metal  added  to  this  type  of  wheel,  as  suggested  by  the  Associa- 
tion of  Manufacturers   of   Chilled    Car  Wheels,   would    increase  the 
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ultimate  strength  of  the  present  standard  M.  C.  B.  flange  while  new, 
roughly,  from  26  per  cent  to  49  per  cent.  As  the  wheel  approaches  the 
condemning  limits  through  flange  wear,  the  advantage  of  the  proposed 
increase  in  thickness  is  apparently  somewhat  less  than  for  new  flanges. 
The  results  for  the  two  worn  wheels  considered  indicate  a  gain  in 
strength  of  from  10  per  cent  to  13  per  cent  in  3  cases  and  of  96  per 
cent  in  one  case  resulting  from  the  thicker  flanges.  It  is  likely  that 
similar  results  would  be  noted  if  tests  were  made  on  M.  C.  B.  type 
wheels  of  different  weights  or  on  Arch  Plate  type  wheels.  Variations 
in  thickness  of  the  tread  and  in  the  support  given  to  the  tread  might, 
however,  in  the  case  of  differently  proportioned  wheels,  produce  results 
more  or  less  at  variance  with  those  here  presented.  Additional  ex- 
periments with  other  types  of  wheels  would  he  desirable. 

17.  Effect  of  Thickening  Tread. — To  show  the  effect  of  thicken- 
ing the  tread  without  thickening  the  flange,  one  wheel,  No.  158  525, 
shown  in  Figs.  36  and  46,  was  cast  in  which  half  the  circumference 
had  the  standard  M.  C.  B.  thickness  of  tread  and  the  other  half  a  thick- 
ness of  tread  about  3/16  inch  greater.  In  Fig.  36  the  cross-hatching 
indicates  the  approximate  amount  and  location  of  the  additional  metal. 
The  data  obtained  from  this  wheel  are  given  in  Table  5. 

Only  one  wheel  was  tested  with  metal  added  in  this  manner  and 
the  results  cannot,  therefore,  be  considered  as  conclusive.     If  further 

Table  5 
Comparative  Strength  of  Standard  M.  C.  B.  Flange  and  Flange  of  Wheel 

with  Thickened  Tread 


Wheel 
Xo. 

Distance  of 

Point  of 

Application 

Below  Tread 

in. 

Ultimate 

Strength  of 

Standard 

M.  C.  B.  Flange 

lb. 

Ultimate 

Strength  of 

Flange  of  Wheel 

With  Tread 

Thickened 

lb. 

Ratio  of 

Strength 

Thickened  to 

Standard 

15S  525 

(Flange  as  cast) 

0.23 
0.23 

10-1  700 
108  200 

84  500 
97  300 

0.81 
0.90 

106  450 

90  900 

0  85 
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investigation  should  verify  these  results  it  would  indicate  that  thick- 
ening the  tread  alone  may  not  strengthen  the  flange,  but  on  the  con- 
trary may  decrease  the  lateral  pressure  required  to  cause  failure.  The 
explanation  of  this  could  probably  be  found  in  departure  from  the 
"ideal  ratio"  of  flange  to  tread  thickness. 

18.  Effect  of  Thickening  Flange  and  Tread  Simultaneously. — To 
investigate  the  effect  of  increasing  the  thickness  of  both  flange  and 
tread,  two  patterns  were  prepared  in  which  half  the  circumference  had 
the  standard  M.  C.  B.  flange  and  tread  and  the  other  half  the  flange 
and  tread  thickened.  In  one  case,  represented  by  wheels  Nos.  158  519 
and  158  518  (Figs.  37,  38,  and  46),  the  thickness  of  metal  added  to 
the  flange  was  3/16  inch  at  the  extreme  back  of  the  flange,  tapering 
down  to  nothing  at  the  top  of  the  flange;  to  the  tread  there  was  also 
added  3/16  inch  of  metal.  In  the  other  case,  represented  by  wheels 
Nos.  158  521  and  158  520  (Figs.  39,  40,  and  46),  3/16  inch  of  metal 
wras  added  to  the  flange  and  3  8  inch  to  the  tread.  Due  to  misplaced 
chillers  during  molding  the  actual  additions  of  metal  were  slightly 
different  from  those  stated.  Two  wheels  were  cast  from  each  pattern, 
one  of  which  was  tested  with  the  flange  as  cast  and  the  other  had  the 
throat  ground  to  represent  a  worn  wheel  before  testing.    Table  6  gives 

Table  6 

Comparative  Strength  of  Standard  M.  C.  B.  Flange  and  Flange  of  Wheel 
avith  Thickened  Flange  and  Tread 


Wheel 

No. 

Distance  of 

Point  of 
Application 

Below  Tread 
in. 

Ultimate 

Si  rength  of 

Standard 

M    ('.  B.  Flange 

lb. 

Ultimate 

Strength  of 

Flange  of  Wheel 

With  Thickened 

Flange  and  Tread 

lb. 

Ratio  of 

Strength 

Thickened  to 

Standard 

158  519 
(Worn  Flange) 

0.41 
0.41 

29  200 
32  900 

31  30(1 
30  000 

1.07 

0.91 

158  518 
(Flange  as  cast) 

( ) .  22 
0.22 

VI  400 
87  Kit) 

84  .'.on 
91  400 

0.95 
1  05 

158  521 
1  Worn  Flange) 

o   12 
0.42 

32  2IKI 
34  (Kill 

54  800 
47  600 

1   70 
1.40 

158  520 
i  Flange  as  cast) 

ii  22 
0.23 

82  30() 
87  KKI 

137  Tim 

13S  (Kill 

1.67 

l  59 

THE   PROPERTIES    OF    CHILLED    IRON    CAR    \Y HEELS  53 

the  results  of  the  tests  ^see  also  Figs.  37  to  40  inclusive),  and  in 
addition  the  ratio  of  the  ultimate  strength  of  the  thickened  flange  and 
tread  to  the  ultimate  strength  of  the  standard  M.  C.  B.  flange  and 
tread. 

In  the  wheels  Nos.  158  519  and  158  518  in  which  3/16  inch  was 
added  to  both  flange  and  tread,  there  was  neither  increase  nor  decrease 
in  the  ultimate  strength  due  to  the  additional  metal,  as  is  shown  by  the 
fact  that  the  ratio  of  strength  of  thickened  to  strength  of  standard 
flange  was  practically  1  both  for  the  wheel  having  the  worn  flanges 
and  for  the  wheel  with  the  flange  as  cast.  This  seems  to  further  verify 
the  results  obtained  by  thickening  the  flange  and  tread  separately.  It 
will  be  recalled  that  adding  3/16  inch  to  the  flange  alone  increased 
the  ultimate  strength  from  10  per  cent  to  96  per  cent  while  adding  3/16 
inch  to  the  tread  alone  decreased  the  ultimate  strength  about  15  per 
cent.  The  figures  here  presented  show  that  when  3/16  inch  is  added 
to  tread  and  flange  simultaneously  no  change  occurs  in  the  strength; 
and  the  conclusion  might  therefore  be  drawn  that  the  increase  in 
strength  that  would  be  expected  due  to  the  thickening  of  the  flange 
was  counteracted  by  a  decrease  of  strength  of  approximately  equal 
amount  due  to  the  addition  of  metal  to  the  tread. 

The  results  of  the  tests  made  on  the  other  pair  of  wheels,  Nos. 
158  521  and  158  520,  in  which  3/16  inch  was  added  to  the  flange  and  3/8 
inch  to  the  tread,  show  that  an  appreciable  increase  in  the  ultimate 
strength  of  the  flange  was  caused  by  the  addition  of  metal  in  this 
manner.  The  ratios  given  in  the  table  show  a  minimum  increase  in 
flange  strength  in  this  case  of  40  per  cent  while  the  maximum  was  70 
per  cent.  These  increases  in  strength  were  obtained  by  the  addition 
of  metal  equivalent  to  approximately  37  lb.,  or  5.1  per  cent  when 
applied  to  a  725-lb.  wheel. 

These  results  indicate  that  the  maximum  flange  strength  of  the 
chilled  iron  wheel  has  not  yet  been  reached,  but  on  the  contrary  that 
the  strength  of  the  flange  can  be  materially  increased  by  the  proper 
placing  of  additional  metal  in  flange  and  tread.  They  further  show  that 
the  ratio  of  the  strength  of  thickened  to  strength  of  standard  flange  is 
practically  the  same  for  new  and  worn  flanges  in  each  pair  of  wheels 
tested,  indicating  that  when  metal  is  added  simultaneously  to  both 
flange  and  tread,  as  was  done  in  these  wheels,  the  advantage  of  the 
additional  metal  does  not  disappear  as  the  wheel  approaches  the  con- 
demning limit  through  flange  wear. 
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VII.     Summary  of  Conclusions 

19.  Combined  Effect  of  Mounting,  Static  Load,  and  Flange 
Pressure. — The  results  of  the  tests  made  on  the  33-in.  840-lb.  Arch 
Plate  wheel  to  determine  the  combined  effect  of  mounting,  static 
load,  and  flange  pressure  lead  to  the  following  conclusions : 

(1)  In  mounting  the  wheel  on  the  axle  the  largest  tensile 
strains  in  the  wheel  occur  on  the  inner  face  in  a  tangential  direc- 
tion at  the  bore  and  their  magnitude  decreases  as  the  radial 
distance  from  the  bore  increases.  The  radial  strains  on  the  inner 
face  reach  a  maximum  in  compression  at  the  bore;  as  the  radial 
distance  from  the  bore  increases  the  compression  decreases  to 
zero,  the  strains  becoming  tensile  at  about  the  mean  radius  of 
the  core;  the  tension  reaches  a  maximum  value  just  before  the 
intersection  of  the  inner  and  outer  plates;  beyond  this  point  the 
tension  decreases  to  zero  and  the  strain  again  becomes  com- 
pressive. This  distribution  of  the  strains  plainly  suggests  bend- 
ing due  to  the  curvature  of  the  section  in  the  region  of  the  core. 

(2)  On  the  outer  face  of  the  wheel  the  strains  in  a  tangent  ial 
direction  due  to  mounting  are  a  maximum  in  tension  at  the  bore ; 
as  the  radial  distance  from  the  bore  increases,  the  tension  de- 
creases up  to  a  point  near  the  intersection  of  the  inner  and 
outer  plates,  beyond  which  a  slight  increase  in  tension  occurs. 
In  the  radial  direction,  over  the  region  investigated,  the  com- 
pression found  near  the  bore  becomes  larger  as  the  radial  distance 
from  the  bore  increases,  and  reaches  its  maximum  value  slightly 
beyond  the  mean  radius  of  the  core;  after  passing  this  point  it 
rapidly  decreases  to  practically  zero.  This  strain  distribution  in 
the  radial  direction  plainly  indicates  a  bending  action  combined 
with  the  direct  thrust  due  to  mounting. 

(3)  The  largest  tensile  si  rains  in  the  wheel  caused  by 
mounting  are  found  in  the  hub  metal  near  the  axle.  Although 
apparently  of  large  magnitude  when  expressed  in  terms  of  "cor- 
responding simple  stresses,"  these  are  steady  strains,  that  is, 
the  metal  is  not  subject  to  fluctuating  or  repeated  internal  stresses 
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that  would  produce  alternate  strains  and  removal  or  reversal  of 
strain  in  the  material.  The  character  of  the  strains,  together  with 
the  backing  provided  the  metal  most  highly  strained,  probably 
permits  the  occurrence  without  injury  to  the  material  of  greater 
strains  than  would  normally  be  possible  in  metal  subjected  to 
simple  tension  or  compression. 

(4)  The  application  of  the  normal  static  load  of  service 
to  the  wheel  does  not  materially  alter  the  strains  already  present 
on  the  outer  face  of  the  wheel  through  mounting.  On  the  inner 
face  the  bending  of  the  curved  plate  in  the  core  region  becomes 
more  pronounced,  as  indicated  by  tensile  strains  in  a  radial  direc- 
tion. These  tensile  strains  are  smaller  than  those  due  to  mounting 
found  in  the  tangential  direction  near  the  axle.  If  this  type  of 
wheel  were  called  upon  to  carry  excessively  heavy  static  loads, 
the  tensile  strains  might  become  significant,  but  for  normal  service 
those  occurring  are  not  in  themselves  serious,  and  they  are  modified 
and  reduced  by  the  application  of  flange  pressure. 

(5)  The  combined  effect  of  mounting,  static  load,  and 
flange  pressure,  approximating  the  maximum  occurring  in  service, 
in  general  results  in  tensile  strains  in  both  radial  and  tangential 
directions  on  the  outer  face.  The  maximum  tension  occurs  near 
the  junction  of  the  inner  and  outer  plates,  and  is  in  a  radial  direc- 
tion. The  tensile  strains  produced  throughout  the  outer  face  by 
flange  pressure,  although  subject  to  some  repetition,  may  safely 
be  considered  as  steady  strains,  because  the  number  of  repetitions 
of  strain  that  would  occur  in  the  normal  life  of  a  wheel  —  due  to 
the  occurrence  of  sufficiently  high  flange  pressure  caused  by 
traversing  curves  of  small  enough  radius  at  high  enough  speed  — 
would  be  relatively  insignificant  compared  with  the  millions  of 
repetitions  found  necessary  to  cause  failure  under  similar  condi- 
tions in  investigations  of  repeated  stress.  In  themselves,  the 
strains  caused  by  the  combination  of  mounting,  maximum  static 
load,  and  maximum  flange  pressure  are  not  of  serious  magnitude ; 
but  if  to  these  be  added  strains  caused  by  severe  and  excessively- 
prolonged  brake  application,  the  combined  strain  might  then 
become  large  enough  to  cause  incipient  cracks  leading  to  failure. 
On  the  inner  face  of  the  wheel  over  the  region  investigated,  the 
strains  in  the  tangential  direction  due  to  the  combined  effect  of 
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mounting,  maximum  sialic  load,  and  flange  pressure  differ  but 
Little  from  those  due  to  mounting  alone.  In  the  radial  direction 
the  strains  are  all  compressive.  The  strains  on  the  inner  face  in 
both  radial  and  tangential  directions  are  of  relatively  little 
importance. 

20.  Vltimatt  Strength  of  Wheel  Flanges. — The  conclusions 
to  be  drawn  from  the  tests  made  to  determine  the  ultimate  strength  of 
the  wheel  flange  may,  within  the  limits  of  these  tests,  be  summarized 
as  follows : 

(1)  When  the  flange  pressure  is  applied  to  wheels  with 
badly  worn  flanges  on  a  radius  midway  between  the  points  where 
two  adjacent  brackets  enter  the  tread,  the  ultimate  strength  of 
the  flange  is  an  inverse  function  of  the  distance  of  the  point  of 
pressure  application  from  the  tread,  that  is,  the  greater  the 
distance  the  smaller  the  ultimate  strength. 

(2)  This  inverse  relation  does  not  hold  in  the  case  of  new 
or  slightly  worn  flanges,  neither  does  it  hold  in  the  case  of 
either  new  or  worn  flanges  if  the  point  of  pressure  application 
is  on  the  same  radius  as  that  on  which  a  bracket  enters  the  tread. 
In  this  ease  it  was  found  in  some  of  the  tests  that  the  bracket 
apparently  strengthened  the  flange,  while  in  others  a  weakening 
of  the  flange  was  observed,  these  conditions  indicating  a  complex 
supporting  effect  due  to  the  bracket. 

(3)  The  addition  of  3/16  inches  of  metal  to  the  back  of  the 
present  standard  flange,  as  proposed  by  the  Association  of  Manu- 
facturers of  Chilled  Car  Wheels,  increases  the  ability  of  the 
flange  to  withstand  side  thrusts.  This  increased  strength  was 
plainly  shown  in  the  tests  of  five  out  of  six  of  the  specially 
prepared  wheels,  in  which  one-half  of  the  circumference  had  the 
present  standard  M.  C.  B.  flange  and  the  other  half  the  proposed 
additional  flange  thickness.  In  the  case  of  the  one  wheel  appa- 
rently showing  decreased  flange  strength  as  a  result  of  the 
additional  metal,  the  flange  and  tread  proportions  were  irregular 
due  to  a  misplaced  chiller  during  molding,  and  this  fact  makes 
it  inadvisable  to  use  the  results  from  this  wheel.  The  other  five 
wheels  showed  an  increased  flange  strength  due  to  the  additional 
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metal  of  from  10  to  90  per  cent  in  the  case  of  badly  worn  flanges, 
and  from  26  to  49  per  cent  in  the  case  of  slightly  woro  or  new 
flanges. 

(4)  In  the  case  of  the  wheel  having  one-half  of  the  circum- 
ference cast  with  the  standard  M.  C.  B.  tread  and  the  other  half 
with  the  3/16  inches  of  additional  metal  on  the  inner  and  under 
side  of  the  tread,  the  results  were  negative,  inasmuch  as  the  half 
with  the  additional  metal  showed  decreased  ability  to  withstand 
side  thrust.  Although  tests  on  one  wheel  cannot  be  taken  as 
conclusive,  if  further  tests  confirm  these  results,  the  indication 
would  be  that  it  is  possible  to  add  metal  in  such  a  way  that  not 
only  no  increased  flange  strength  results  but  a  decreased  flange 
strength  may  actually  be  caused.  If  this  be  taken  as  proved,  then 
there  probably  exists  a  relation  or  ratio  between  flange  and  tread 
thickness  which  will  result  in  a  maximum  flange  strength  for  a 
particular  thickness  of  either  flange  or  tread.  In  that  case,  if  a 
wheel  be  cast  with  the  ideal  ratio  of  tread  to  flange  thickness 
for,  say,  a  given  thickness  of  flange,  the  addition  of  metal  to  or 
the  subtraction  of  metal  from  the  tread  will  not  only  not  increase 
the  flange  strength  but  may  even  decrease  it. 

(5)  Tlie  simultaneous  addition  of  3/16  inches  of  metal  to 
both  flange  and  tread  was  not  found  to  alter  the  ability  of  the 
flange  to  withstand  side  thrust.  As  the  addition  of  3/16  inches 
to  the  flange  alone  gave  added  strength,  this  result  would  tend 
to  confirm  the  conclusion  reached  in  (4).  The  simultaneous  addi- 
tion of  3/16  inches  of  metal  to  the  flange  and  3/8  inches  to  the 
tread  was  found  to  result  in  an  appreciable  increase  in  the  ultimate 
strength  of  the  flange.  The  weight  of  metal  added  was  about 
37  pounds  or  5.1  per  cent  of  a  725-lb.  wheel,  whereas  the  increase 
in  flange  strength  resulting  therefrom  ranged  from  40  to  70  per 
cent.  An  important  feature  of  this  case  is  that  the  advantage 
of  the  additional  metal  apparently  does  not  disappear  as  the 
wheel  approaches  the  condemning  limit  on  account  of  flange  wear. 

(6)  The  general  conclusion  to  be  drawn  from  the  results 
of  these  tests  is  that  the  flange  strength  of  the  chilled  iron  wheel 
can  be  increased  to  keep  pace  with  probable  future  service  re- 
quirements by  a  proper  placing  of  additional  metal  in  the  tread 
and  flange. 
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APPENDIX     A 

Views  of  Chilled  Iron  Wheels  After  Application 
of  Flange  Pressure 

Figs.  41  to  46  inclusive  are  reproduced  from  photographs  of 
the  inner  faces  of  the  several  wheels  after  they  had  been  tested  for 
ultimate  flange  strength.  These  views  are  presented  mainly  to  show  the 
location  at  which  the  loads  were  applied  with  respect  to  the  brackets ; 
sim-c  the  maximum  diameter  of  the  wheel  is  35  inches,  they  also  show 
the  approximate  size  of  the  pieces  broken  out.  The  numerals  painted 
on  the  wheels  in  the  neighborhood  of  the  fractures  are  identification 
numbers,  and  serve  to  connect  the  illustrations  with  the  data  and 
figures  given  in  the  body  of  the  text. 


Fig.  41.     Inner  Faces  of  Wheels  Nos.  737  401  and  737  425  After 
Fracture  of   Fi.am.k 


■-... 


Fig.  42.     Inner  Faces  of  Wheels  Nos.  632  680,  633  452,  632  679,  738  957, 
734  502,  and  671  449  After  Fracture  of  Flange 


Fig.  43.     Inner  Faces  of  Wheels  Nos.  04  844,  04  836,  04  847,  04  476,  942  674, 
and  942  682  After  Fracture  of  Flange 


Pig.   14.     Inner  Faces  op  Wheels  Nos.  659  232,  107  348,  107  346,  103  219, 
659  338,  and  462  442  After  Fracture  of  Flange 


Fig.  45.     Inner  Faces  of  Wheels  Nos.  462  441,  158  505,  158  506,  158  511, 
158  510,  and  132  648  After  Fracture  of  Flange 


\> 


Fig.  46.     Inner  Faces  of  Wheels  Nos.  132  649,  158  525,  158  519,  158  518, 
158  521,  and  158  520  After  Fracture  of  Flange 
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by  Arthur  N.  Talbot.     1913.     None  available. 

Bulletin  No.  68.     The  Strength  of  I -Beams  in  Flexure,  by  Herbert  F.  Moore. 

1913.  Twenty  cents. 

Bulletin  No.  69.  Coal  Washing  in  Illinois,  by  F.  C.  Lincoln.  1913.  Fifty 
cents. 

Bulletin  No.  70.  The  Mortar-Mnking  Qualities  of  Illinois  Sands,  by  C.  C. 
Wiley.     1913.     Twenty  cents. 

Bulletin  No.  71.  Tests  of  Bond  between  Concrete  and  Steel,  by  Duff  A. 
Abrams.     1913.     One  Dollar. 

*Bulletin  No.  12.  Magnetic  and  Other  Properties  of  Electrolytic  Iron  Melted 
in  Vacuo,  by  Trygve  D.  Yensen.     1914.    Forty  cents. 

Bulletin  No.  73.  Acoustics  of  Auditoriums,  by  F.  R.  Watson.  1914.  Twenty 
cents. 

Bulletin  No.  74.  The  Tractive  Resistance  of  a  2S-Ton  Electric  Car,  by 
Harold  H.  Dunn.     1914.     Twenty-five  cents. 

Bulletin  No.  75.  Thermal  Properties  of  Steam,  by  G.  A.  Goodenough.  1914. 
Thirty-five  cents. 


*  A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 
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Bulletin  No.  76.     The  Analysis  of  Coal  with  Phenol  as  a  Solvent,  by  S.  W. 
Parr  and  H.  F.  Hadley.     1914.     Twenty-five  cents. 

*Bulletin  No.  77.  The  Effect  of  Boron  upon  the  Magnetic  and  Other  Prop- 
erties of  Electrolytic  Iron  Melted  in  Vacuo,  by  Trygve  D.  Yensen.  1915.  Ten 
cents. 

Bulletin  No.  78.     A  Study  of  Boiler  Losses,  by  A.  P.  Kratz.     1915.     Thirty- 
jive  cents. 

^Bulletin  No.  79.  The  Coking  of  Coal  at  Low  Temperatures,  with  Special 
Reference  to  the  Properties  and  Composition  of  the  Products,  by  S.  W.  Parr  and 
H.  L.  Olin.     1915.     Twenty-five  cents. 

Bulletin  No.  80.     Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,  by 
W.  M.  "Wilson  and  G.  A.  Maney.     1915.    Fifty  cents. 

Bulletin  No.  81.     Influence  of  Temperature  on  the  Strength  of  Concrete,  by 
A.  B.  McDaniel.     1915.     Fifteen  cents. 

Bulletin  No.  82.     Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  C. 
Schmidt,  J.  M.  Snodgrass,  and  R.  B.  Keller.     1915.    Sixty-five  cents. 

^Bulletin  No.  83.  Magnetic  and  Other  Properties  of  Iron-Silicon  Alloys 
Melted  in  Vacuo,  by  Trygve  D.  Yensen.     1915.     Thirty-five  cents. 

Bulletin  No.  84.     Tests    of    Reinforced    Concrete    Flat    Slab    Structures,    by 
Arthur  N.  Talbot  and  W.  A.  Slater.     1916.     Sixty-five  cents. 

^Bulletin  No.  85.  The  Strength  and  Stiffness  of  Steel  under  Biaxial  Loading, 
by  A.  J.  Becker.     1916.     Thirty-five  cents. 

Bulletin  No.  86.     The    Strength    of    I-Beams    and    Girders,    by    Herbert    F. 
Moore  and  W.  M.  Wilson.     1916.     Thirty  cents. 

*Bulletin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illi- 
nois, by  F.  R.  Watson  and  J.  M.  White.     1916.    Fifteen  cents. 

Bulletin  No.  88.     Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by 
E.  A.  Holbrook.    1916.    Seventy  cents. 

Bulletin  No.  89.     Specific    Gravity    Studies    of    Illinois    Coal,    by    Merle    L. 
Nebel.     1916.     Thirty  cents. 

*Bulletin  No.  90.  Some  Graphical  Solutions  of  Electric  Railway  Problems,  by 
A.  M.  Buck.     1916.     Twenty  cents. 

Bulletin  No.  91.     Subsidence  Resulting  from   Mining,  by  L.  E.  Young  and 
H.  H.  Stoek.     1916.     None  available. 

*Bulletin  No.  92.  The  Tractive  Resistance  on  Curves  of  a  28-Ton  Electric 
Car,  by  E.  C.  Schmidt  and  H.  H.  Dunn.     1916.     Twenty-five  cents. 

*  Bulletin  No.  93.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper, 
and  Nickel,  by  D.  F.  McFarland  and  O.  E.  Harder.    1916.     Thirty  cents. 

*Bulletin  No.  94.  The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel, 
by  S.  W.  Parr.     1917.     Thirty  cents. 

*Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys 
Melted  in  Vacuo,  by  T.  D.  Yensen  and  W.  A.  Gatward.    1917.     Twenty-five  cents. 


*  A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 
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*  Bulletin  No.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through 
a  Submerged  Short  Pipe,  by  Fred  B  Seely.    1917.    Twenty-five  cents. 

Bulletin  No.  97.     Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W. 
Parr.     1917.     Twenty  cents. 

*Bulletin  No.  98.  Tests  of  Oxyaeetylene  Welded  Joints  in  Steel  Plates,  by 
Herbert  F.  Moore.     1917.     Ten  cents. 

Circular   No.    4.     The  Economical  Purchase  and  Use  of  Coal  for  Heating 
Homes,  with  Special  Reference  to  Conditions  in  Illinois.    1917.     Ten  cents. 

'Bulletin  No.  99.     The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.     1917. 
•  Twenty  cents. 

*Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminous 
Coal,  by  E.  A.  Holbrook.     1917.     Twenty  cents. 

*BulletinNo.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special 
Reference  to  Illinois  Conditions,  by  C.  M.  Young.     1917. 

*  Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mi- 
kado Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  0.  S.  Beyer,  Jr.  1917. 
Fifty  cents. 

*Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials, 
by  A.  C.  Willard  and  L.  C.  Liehty.     1917.     Twenty-five  cents. 

*Bulletin  No.  103.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W. 
P.  Lukens.     1917.     Sixty  cents. 

*Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel 
Structures,  by  W.  M.  Wilson  and  H.  F.  Moore.    1917.     Twenty-five  cents. 

Circular     No.     6.     The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.     1918. 
Forty  cents. 

Circular     No.     7.     Fuel   Economy   in   the   Operation   of   Hand   Fired   Power 
Plants.     1918.     Twenty  cents. 

*Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Noz- 
zles, and  Orifice  Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.  Fleming, 
and  Melvin  L.  Enger.     1918.     Thirty-five  cents. 

'Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper 
Union  Building,  by  Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.  1918.  Twenty 
cents. 

Circular     No.    8.     The    Economical   Use    of    Coal    in    Railway    Locomotives. 
1918.     Twenty  cents. 

•Bulletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Con- 
crete Frames,  by  Mikishi  Abe.    1918.    Fifty  cents. 

•Bulletin  No.  108.  Analysis  of  Statically  Indeterminate  Structures  by  the 
Slope  Deflection  Method,  by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss.  1918. 
One  dollar. 

'Bulletin  No.  109.     The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water 
through  a  Pipe,  by  R.  E.  Davis  and  H.  H.  Jordan.  1918.     Twenty-five  cents. 
*  A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 
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*Bulletin  No.  110.  Passenger  Train  Resistance,  by  E.  C.  Schmidt  and  H.  H. 
Dunn.     1918.     Twenty  cents. 

'Bulletin  No.  111.  A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Coal,  by 
A.  R.  Powell  with  S.  W.  Parr.    1919.     Thirty  cents. 

'Bulletin  No.  112.  Report  of  Progress  in  Warm-Air  Furnace  Research,  by 
A.  C.  Willard.     1919.     Thirty-five  cents. 

'Bulletin  No.  113.  Panel  System  of  Coal  Mining ;  A  Graphical  Study  of  Per- 
centage of  Extraction,  by  C.  M.  Young.     1919. 

'Bulletin  No.  114.     Corona  Discharge,  by  Earle  H.  Warner  with  Jakob  Kunz. 

1919.  Seventy-five  cents. 

'Bulletin  No.  115.  The  Relation  between  the  Elastic  Strengths  of  Steel  in 
Tension,  Compression,  and  Shear,  by  F.  B  Seely  and  W.  J.  Putnam.  1920. 
Twenty  cents. 

Bulletin  No.  116.  Bituminous  Coal  Storage  Practice,  by  H.  H.  Stoek,  C.  W. 
Hippard,  and  W.  D.  Langtry.    1920.    Seventy-five  cents. 

'Bulletin  No.  117.     Emissivity  of  Heat  from  Various  Surfaces,  by  V.  S.  Day. 

1920.  Twenty  cents. 

'Bulletin  No.  118.  Dissolved  Gases  in  Glass,  by  E.  W.  Washburn,  F.  F.  Footitt, 
and  E.  N.  Bunting.     1920.     Twenty  cents. 

'Bulletin  No.  119.  Some  Conditions  Affecting  the  Usefulness  of  Iron  Oxide  for 
City  Gas  Purification,  by  W.  A.  Dunkley.     1921. 

'Circular  No.  9.  The  Functions  of  the  Engineering  Experiment  Station  of 
the  University  of  Illinois,  by  C.  R.  Richards.     1921. 

'Bulletin  No.  120.  Investigation  of  Warm-Air  Furnaces  and  Heating  Systems, 
by  A.  C.  Willard,  A.  P.  Kratz,  and  V.  S.  Day.     1921.    Seventy-five  cents. 

'Bulletin  No.  121.  The  Volute  in  Architecture  and  Architectural  Decoration,  by 
Rexford  Newcomb.     1921.     Forty-five  cents'. 

'Bulletin  No.  122.  The  Thermal  Conductivity  and  Diff usivity  of  Concrete,  by 
A.  P.  Carman  and  R.  A.  Nelson.     1921.     Twenty  cents. 

'Bulletin  No.  123.  Studies  on  Cooling  of  Fresh  Concrete  in  Freezing  Weather, 
by  Tokujiro  Yoshida.     1921.     Thirty  cents. 

'Bulletin  No.  124.  An  Investigation  of  the  Fatigue  of  Metals,  by  H.  F.  Moore 
and  J.  B.  Kommers.     1921.     Ninety-five  cents. 

'Bulletin  No.  125.  The  Distribution  of  the  Forms  of  Sulphur  in  the  Coal  Bed, 
by  H.  F.  Yancey  and  Thomas  Fraser.     1921. 

'Bulletin  No.  126.  A  Study  of  the  Effect  of  Moisture  Content  upon  the  Ex- 
pansion  and    Contraction   of   Plain   and   Reinforced   Concrete,   by   T.    Matsumoto. 

1921.  Twenty  cents. 

'Bulletin  No.  127.  Sound-Proof  Partitions,  by  F.  R.  Watson.  1922.  Forty- 
five  cents. 
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*  Bulletin  Ko.  128.  The  Ignition  Temperature  of  Coal,  by  R.  W.  Arms.  1922. 
Thirty-five  cents. 

*  Bulletin  No.  12y.  An  Investigation  of  the  Properties  of  Chilled  Iron  Car 
Wheels.  Part  I,  Wheel  Fit  and  Static  Load  Strains,  by  J.  M.  Snod<;rass  and 
P.  H.  Guldner.     1922.  Fifty-five  cents. 

*  Bulletin  No.  130.  The  Reheating  of  Compressed  Air,  by  C.  R.  Richards  and 
J.  N.  Vedder.     1922.  Fifty  cents. 

*Bulletin  No.  131.  A  Study  of  Air-Steam  Mixtures,  by  L.  A.  Wilson  with  C. 
R.  Richards.     1922.     Seventy-five  cents. 

^Bulletin  No.  182.  A  Study  of  Coal  Mine  Haulage  in  Illinois,  by  H.  H. 
Stoek,  J.  R.  Fleming,  and  A.  J.  Hoskin.     1922. 

^Bulletin  No.  133.  A  Study  of  Explosions  of  Gaseous  Mixtures,  by  A.  P. 
Kratz  and  C.  Z.  Rosecrans.    1922.    Fifty-five  cents. 

*  Bulletin  No.  134.  An  Investigation  of  the  Properties  of  Chilled  Iron  Car 
Wheels.  Part  II,  Wheel  Fit,  Static  Load,  and  Flange  Pressure  Strains.  Ultimate 
Strength  of  Flange,  by  J.  M.  Snodgrass  and  F.  11.  Guldner.     1922.     Forty  cents. 
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Chart  1.    Entbopy — Heat-Content  Diagram  foh  Air-Steam  Mixture;   5  per  cent  Steam 
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Temperature  of  /7/xrvre /n  Decrees  Fofirenhe/t 
Chart  9.     Saturation  Chart  for  Air-Steam  Mixtures 
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v— Heat-Content  Diagram  for  Air-Steam  Mi: 
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Chart  4.    Entropy— Heat-Content  Diagram  for  Air-Steam  Mixture;   20  per  cent  Stea 
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3.     En'troi'y — Heat-Contkxt  Diagram  for  Air-Steam  Mixture;    13 
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Chaut  2.    Entropy—  Heat-Content  Diagram  fob  Air-Steam  Mi: 


10  per  cent  Stea 
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